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DEDICATION 
to my 
grandmother 
whose wisdom I 
hope one day 
to attain 
FORSWARD 
"I sometimes rhink," said Olivia, "from watching, 
of course, because I am not experienced, I think ex­
perience can be a-block." 
"And why?" asked Angela, amused. 
"Because if you think you know, you don't ask 
questions," said Olivia slowly, "or if you ask, you 
don't listen to the answers. ...Everyone, everything, 
each thing is different, so that it isn't safe ro 
know. You - you have to grope. 
Rumer Godden 
An Episode of Sparrows 
Scienziscs at the General Electric Laboratory of 
Science were seldom permitted to forget one of the 
cardinal tenets of research philosophy. ...Logic is o 
course an indispensable tool of the scientist. But it 
should be used to reveal problems, not to obscure them 
Hence, any fresh situation was to be approached with a 
fresh eye and any "knowledge" of the situation gleaned 
purely by analogy with sim.ilar situations in the past 
was to be considered ready to discard without regrets 
on short notice. 
^ 1 "L-" «w» T) ^ ^ 
Men of Physics: Irving Langmuir 
1 
GENERAL INTRODUCTION 
In 194 3 it was reported by Cori and Green (1) that 
glycogen phosphorylase (a-1,4-glucan: orthophosphate 
glucosyl-transferase EC 2.4.1.1) could be obtained from 
rabbit skeletal muscle in two distinct forms. One form, 
designated phosphorylase b, required the nucleotide AMP for 
activity while the other form, phosphorylase a, did not. The 
authors demonstrated that another enzyme in rabbit muscle 
catalyzed the conversion of phosphorylase a to phosphorylase 
b. 
It was hypothesized that AMP was removed from phos­
phorylase a by the converting enzyme and it was designated 
PR (prosthetic group removing) enzyme. Yet, the authors 
were unable to demonstrate that AMP was released during the 
transformation. It was found that the conversion by the PR 
enzyme was similar to the action of trypsin on phosphorylase 
a (1,2). Both reactions were inhibited by phosphate esters 
and neither released AMP. However, the purified PR prepara­
tion did not possess proteolytic activity. The demonstration 
that phosphorylase a did not contain AMP (3) suggested that 
another mechanism be sought to explain the conversion. Keller 
cuid Cori found that the molecular weight of phosphorylase 
was halved upon conversion of phosphorylase a to b (4). The 
authors suggested the PR prefix should represent 
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"phosphorylase-rupt-uring". Detailed studies on the conversion 
of phosphorylase a to b by trypsin (5,5) demonstrated that 
the loss of phosphorylase a activity was proportional to the 
appearance of a new and slower sediinenting peak in the ultra-
centrifuge. The product of the tryptic reaction required 
AMP for activity and displayed a sedimentation constant 
similar to phosphorylase b. Upon electrophoresis the trypsin 
formed phosphorylase b was more anionic than the PR formed 
phosphorylase b. AMP inhibited both reactions while chloride 
and fluoride ions affected only the PR enzyme. Keller and 
Fried reported that ethyl esters of L-arginine and L-lysine 
were: competitive inhibitors of the PR enzyme (7) , yet the 
PR enzyme could neither catalyze the hydrolysis of these 
esters nor protein substrates. 
Sutherland and Wosilair demonstrated that active dog 
liver phosphorylase was a phosphoprotein and its conversion 
to the inactive form involved enzymatic dephosphorylation 
(8, 9). Subsequently, similar findings were observed with 
skeletal muscle phosphorylase (10, 11). The PR designation 
was abandoned and the enzyme was referred to as phosphorylase 
phosphatase. The tryptic conversion was found to split out a 
hexapeptide containing the phosphorylated site (12). 
The demonstration that a kinase utilizing Mg"*"^ and AT? 
phosphorylated the inactive form of phosphorylase allowed 
a cyclic scheme (Figure 1) for the regulation of phosphorylase 
Phosphorylase 
b Kinase 
ACP " Mg2+ ATP 
Phosphorylase a Phosphorylase b U) 
¥ Pi 
Phosphorylase 
Phosphatase 
Figure 1. Interconversion of phosphorylase b and a by phosphorylase kinase and 
phosphorylase phosphatase 
activity (13, 14, 15). 
The kinase is found to exist in borh an active and 
inactive forrr;. The interconversion is mediated by a kinase 
phosphatase and a protein kinase whose activity is regulated 
via hormonal and neural stimuli (16). Evidence which suggests 
the presence of interconvertible forms of phosphorylase 
phosphatase in certain tissues has been reported (17, 18). 
The existence of different forms of phosphorylase phosphatase 
in rabbit skeletal muscle has not been demonstrated. 
Characterization of phosphorylase phosphatase by Keller 
and Cori (5) demonstrated that monovalent salts displayed 
unusual patterns of inhibition in that a plot of log activity 
versus the square root of the NaCl concentration was linear. 
This was interpreted to indicate the enzyme was inhibited 
by the ionic strength of the medium. Fluoride ion was found 
to be a potent inhibitor of the reaction. The chelating 
agent, EDTA, was inhibitory, yet the authors did not suggest 
it was due to its chelating effect. Dialysis of the PR 
enzyme with EDTA did not cause activity to be lost. Also, 
another chelator, S-hydroxyquinoline, did not cause inhibi­
tion. A of 3.5 and an energy of activation of 21.5 
kilocalories was reported. 
Physicochemical studies of phosphorylase phosphatase 
have not been possible because homogeneous preparations 
have not been achieved. The isolation procedure (19) involves 
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hoinogenization of fresh rabbit skeletal muscle, separation 
of the supernatant from cellular debris, precipitation of 
protein and a protein-glycogen complex by lowering the pH, 
resuspension of the pellet, and ultracentrifugation to obtain 
a protein-glycogen complex containing phosphorylase phos­
phatase. Further purification can be achieved by digestion 
of the resuspended ultracentrifugation pellet by a-amylase 
and reultracentrifugation. The enzyme remains in the super­
natant and is further purified by TEAE cellulose chroma­
tography utilizing a sodium chloride gradient. The enzyme 
is dialyzed, lyophilized, and stored frozen. Sephadex G-200 
chromatography of the lyophilized material results in a 
preparation which is purified several thousand-fold from the 
crude extract. Disc-gel electrophoresis of this preparation 
yielded several protein staining bands, none of which 
corresponded to the region where phosphatase activity was 
located, indicating the preparation was still quite in-
homogeneous . 
The molecular weight of phosphorylase phosphatase was 
determined by sucrose gradient centrifugation and gel fil­
tration on Sephadex G-2 00 to be in the order of 5 0,00 0 
daltons (20). Unless calcium ion was added to the amylase 
digestion purification step, more than a single peak was 
observed by Sephadex chromatography and the preparation 
was unstable. It was found that phosphatase preparations 
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were activated by tryptic attack and divalent metal ions 
until the amylase digestion step. If calcium ions were 
present the enzyme was not activated by divalent ions. 
Purified preparations of phosphatase were stable to both 
tryptic and chymotryptic attack. The enzyme was also s-cable 
ro high concentrations of urea. 
Control of glycogen phosphorylase involves a complex 
organization of regulatory mechanismis (21) . One level of regu­
lation is concerned with the response of phosphorylase b to 
positive and negative allosteric effectors. Another level 
is the interconversion of phosphorylase b to a which is in­
fluenced by neural and hormonal stimuli. Investigation of 
the activation mechanism has shown that elaborate control 
processes exist for the rapid conversion of phosphorylase 
b to a. The conversion can provide even greater increases 
in giycogenolysis than the several orders of magnitude at­
tained by allosteric regulation (22). Little information is 
known concerning the mechanisms involved in dampening and 
reversing -he activation process. Sutherland and Wosilait 
estimated that the levels of phosphorylase phosphatase in 
liver are sufficient to convert all phosphorylase a to b 
within a few minutes (9), The significance, then, of 
controlling the reaction is self evident. 
Hurd and Kurd et a^. (2 0, 23) proposed that the dephos-
phorylation of phosphorylase a could produce hybrids of phospho 
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and dephosphc forms which differed in their response to meta­
bolic effectors. The phosphatase reaction was monitored by 
the loss of phosphorylase a activity and the loss of protein 
o 2 bound It was demonstrated that the rate of loss of phos­
phorylase a activity lagged the rate of loss of protein bound 
39 
when the activity assay contained a high concentration of 
G-l-P. The high G-l-P concentration promoted the activity 
of the hybrid species which was inactive at lower G-l-P 
concentrations. G-5-P opposed the G-l-P effect. Hurd sug­
gested that phosphorylase phosphatase activity might not be 
regulated yet its action might produce hybrids whose activity 
could be regulated by the relative levels of G-l-P and G-5-P. 
Factors that influence the phosphatase reaction should 
be classified into three categories: 
(1) Enzymic modification of the phosphatase, e.g., by 
(2) Nonenzymatic factors which affect the structure 
of phosphorylase a. 
(3) Nonenzymatic factors which affect the catalytic 
activity of the phosphatase. 
Demonstration of the specific effect of nonenzymatic 
factors upon the control of the phosphatase reaction is 
hampered by the nature of the substrate. Phosphorylase a is 
a macromolecule whose structure, and hence reactivity as a 
substrate, can be affected by substances which may or may not 
8 
affect the phosphatase. 
Demonstrating that a factor (temperature, pH, chemical 
effector, etc.) affected the conversion by a substrate directed 
effect could be achieved by the utilization of a nonspecific 
phosphatase whose activity with another phosphorylated sub­
strate would be compared to its activity with phosphorylase a. 
If a factor produced an effect when phosphorylase a was 
utilized as a substrate, yet no effect with the other substrate, 
one might conclude that rhe action of the factor was substrate 
directed. Factors whose action was enzyme directed could 
also be distinguished by this technique. Unfortunately, no 
nonspecific phosphatases have been shown to catalyze the 
dephosphorylation of phosphorylase a (24). 
Demonstrating that a factor affected the conversion by 
a substrate or enzyme directed effect could also be achieved 
by utilizing phosphate esrers or other phosphoproteins as 
alternative substrates for the phosphatase. Graves ejt al. 
(24) found that phosphoserine and various phosphoproteins 
would not serve as substrates, but that phosphopeptides 
derived from the phosphorylated site by tryptic attack were 
dephosphorylated by the phosphatase although at a much 
lower rate rhan phosphorylase a. 
Studies utilizing peptide substrates derived from 
phosphorylase a containing the phosphorylated site have 
provided much information about the phosphorylase phosphatase 
reaction. Graves er al. demonstrated the requirement of 
arginine -12 separated by one amino acid residue from the 
phosphorylated seryl residue in a peptide derived from 
tryptic digestion (24). The requirement could explain the 
specificity of the phosphatase. The necessity for this 
residue could also explain inhibition by esters of the basic 
amino acids arginine and lysine. 
A tetradecapeptide of the structure: 
Ser-Asp-Gln-Glu-Lys-Arg-Lys-Gln-Ile-Ser(?)-Val-Arg-Gly-Leu 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
was isolated and sequenced by Nolan et a2. (25) . The rate 
of dephosphorylation by phosphorylase phosphatase of peptides 
containing residues 8-12, 7-12, 7-14, and 1-14 was compared 
to the rate obtained with phosphorylase a. The peptide 
substrates were dephosphorylated at a much slower rate than 
the protein substrate. A parallelism was observed between 
the size of the peptide substrate and the rate of dephos­
phorylation. The authors found that using the tetrade-
capeptide as an alternative substrate for the phosphatase, no 
AMP inhibition was seen. This result demonstrated that AMP 
inhibition of the phosphatase reaction was the result of 
a substrate inhibitor complex which was resistant to de­
phosphorylation . 
This rhesis will be concerned with investigating 
factors involved in the binding and catalysis of various 
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peptide substrates of phosphorylase phosphatase. Also, 
a tetradecapeptide will be utilized as an alternative substrate 
to determine whether effectors of the phosphatase reaction 
are substrate, and/or enzyme directed. By the use of kineric 
studies in conjunction with a kinetic model, it will be shown 
that the conversion of phosphorylase a to b can be powerfully 
regulated by an effector combining with the enzyme (phos­
phorylase phosphatase) and/or its substrate (phosphorylase a). 
A role whereby metabolic effectors could influence the rate of 
enzymatic interconversion by affecting the susceptibility of 
the macromolecular substrates to enzymatic attack solely, 
or in conjunction with affecting the catalytic activity of 
the interconverting enzymes has been neglected as a function­
al regulatory mechanism. I hope to demonstrate that these 
mechanisms can potentially be of considerable significance 
and that the phosphorylase phosphatase reaction serves as a 
useful model for demonstrating these effects. 
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EXPERIMENTAL PROCEDURE 
Materials 
Phosphorylase b was prepared from frozen rabbit muscle 
obtained from Pel-Freez Biologicals, Inc. essentially as 
described by Fischer and Krebs (2 5) . The muscle was ground 
twice while frozen and added to deionized water containing 
0.5 mM EDTA-0.5 mM DTT. 3-mercaptoethanol (20 mM) was used 
instead of L-cyst^ine during the preparation. The enzyme 
was routinely recrystallized three times from a buffer of 
4 0 mM B-glycerol phosphate-2 0 mM 3-mercaptoethanol, pH 6.8. 
The first recrystallization contained 0.01 mM AMP and 10 mM 
M9++. 
Phosphorylase kinase prepared by the method of Brostrom 
et al. (27) was supplied by Mr. G. M. Carlson. 
DFP treated porcine pancrearic amylase and hydrolized 
amylopectin, DP-50 was a generous gift of Dr. John Robyt. 
Glyceraldehyde-3-phosphate dehydrogenase, phospho-
glycerate kinase, and 3-phosphoglycerate were purchased from 
Boehringer Mannheim Corporation. 
Soybean trypsin inhibitor, a-chymotrypsin (3x crystal­
lized) , DFP treated carboxypeptidase A and B were purchased 
from Worthington Biochemical Corporation. Carboxypeptidase 
A was recrystallized and stored as a water suspension at 4°. 
Dowex AG 50W-X2 (200-400 mesh), AG 1-X2 (200-400 mesh), 
and AG 1-X3 (200-400 rriesh) were obtained from Bio-Rad Chemi­
cal Corporation and pretreated according to Schroeder (2P). 
Sephadex G-25 was obtained from Pharmacia. 
T2AE cellulose, AiMP, AT?, DTT, 3SA, G-1-?, G-6-P, and 
shellfish glycogen were purchased from Sigma Chemical Company. 
G-1-? and glycogen were purified before use. 
3 2 ?-labelled phosphate (carrier-free) was obtained from 
New England Nuclear Corporation. 
N-ethylmorpholine, a-picoline and tert-butyl hypochlorite 
were purchased from Aldrich Chemical Company. 
DNS-Cl was obtained from^ Nutritional Biochemicals 
Incorporated. 
Kodak X-ray film was obtained from Kodak Chemical 
Company. 
All other chemicals were of reagent grade. 
:'<iethods 
3 2 y- P-AT? was prepared by a modification of the m.ethod of 
Glynn and Chappell (29) . Inorganic phosphate (2 -^moles) and 
NAD"*" (100 ug) were added to the reaction mixture which was 
added directly to the Dowex 1 column after the incubation 
period. 
3 2 P-phosphorylase a was prepared in a m.anner similar to 
the method of Krebs (30) . The conversion was achieved by the 
incubation of phosphorylase b (20-30 mg/ml in 0.25 X Tris-0.25 
32 
M 3-glycerol phosphate-5 mM DTT, pH 8.8) with y- P-AT? at 
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1-5 mM, ar 5-3 0 mX along with sufficient phosphorylase 
kinase to catalyze the conversion within 30 minutes at 37 
4--r 
After 30 minutes cold Mg :ATP (5:1) was added in several 
fold excess and the reaction incubated for another 15 minutes-
The reaction mixture was applied to a Sephadex G-2 5 column 
thermostatted at 30° which had been equilibrated with 5 0 mM 
Tris acetate-1 mM DTT, pH 7.5. The fractions containing 
phosphorylase were put on ice. After a few hours the tubes 
which contained crystallized enzyme were pooled and centri-
fuged. The enzym.e was recrystallized at least once in Tris 
acetate buffer-5 mM DTT, pK 7.5. The enzyme preparation 
had a specific activity of 1800-2000 Cori units and an 
activity ratio of 0.8 in the absence and presence of AM? 
respectively as measured by the procedure of Illingworth and 
Cori (31). 
Phosphorylase phosphatase was purified essentially by 
the procedure of Kurd e^ (19). Six New Zealand rabbits 
were used for a preparation. MaCl (0.10 M) was not present in 
the equilibration buffer used for the TEAS cellulose column 
chromatography. After the supernatant fluid of the amylose 
treatir.ent was applied to the column, elution with 0.10 M NaCl 
was begun and continued until the optical density of the 
eluate stabilized. A linear gradient of 0.5 M NaCl (500 
mil) was begun which elured the phosphatase. The pooled 
enzymie fraction was dialyzed against deionized water, 
lyophilized, and scored at -15° . Stock solutions were stored 
at -15° in 50 ziM Tris acetate-5 DTT, pH 7.5. 
A ^^P-terradecapeptide incorporating the phosphorylated 
3 2 
site was isolated after chyir.otrypzic digestion of ?-
phosphorylase a by modifications of the method used by Nolan 
et al. (25). Approximately six grams of phosphorylase were 
dissolved in 0.1 M (NH,)2C02 to form, a IS solution. One 
percent the weight of protein substrate was added of a-
chymotrypsin which had been preincubated with 5% of its 
weight of soybean trypsin inhibitor. The digestion mixture 
was incubated at 37° for 10 hours. After six hours additional 
chymotrypsin and soybean trypsin inhibitor were added in their 
original proportions. The reaction mixture was lyophilized, 
dissolved in water, and relyophilized. The digested protein 
was taken up into a minimial amount of water and transferred 
to a centrifuge tube. To this solution vjas added one tenth 
its volume of a pyridine acetic acid solution (0.50 M : 10.4 M). 
After ten minutes the copious precipitate which formied was 
removed by centrifugation. The precipitate was extracted 
twice with small volumes of pyridine acetic acid buffer 
(0.05 M :1.04 M) , pK 3.3 and the washings added to the 
original supernatant solution. This solution was applied to 
a Sephadex G-25 colurrin equilibrated with the latter buffer. 
Fractions from the major radioactive peak were pooled, lyo­
philized and rechromatographed on the same column. The radio-
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active peak was lyophilized and dissolved in a pyridine acetate 
buffer (0.20 M:4.8 M), adjusted to pH 1.8 with HCl, and 
applied to a 0.9 x 60 cm column of Dowex 50W-X2 (200-400 
mesh) equilibrated with the latter pyridine acetate buffer, 
pH 3.1 and thermostatted at 37°. The peptide was eluted 
with a linear gradient of a concentrated pyridine acetate 
buffer (2.0 M;2.4 M), pH 5.0 (500 ml). The peak radioactive 
fractions were pooled and lyophilized. The peptide was 
dissolved in water and samples removed for amino acid analyses, 
specific radioactivity measurements, and migration behavior 
on high voltage electrophoresis. The peptide was usually 
pure based on amino acid analyses, and migration on high 
voltage electrophoresis. If the phosphopeptide was not pure, 
Sephadex chromatography was performed to remove contaminating 
peptides and colored substances eluted from the Dowex resin. 
Smaller preparation of peptide from approximately 500 mg of 
highly radioactive phosphorylase a were carried out and after 
the highly radioactive peptide was added to a stock solution 
of "cold" tetradecapeptide, a new measurement on the specific 
radioactivity of the peptide preparation was carried out. 
Hydrolyses of peptides were performed in vacuo with 
glass distilled azeotropic 5.7 N HCl. Samples were incu­
bated at 108° for 20 hours in a refluxing bath of toluene 
The hydrolysate was taken to dryness and dissolved 
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in citrate buffer used for amino acid analyses. The amino 
acid analyses were performed on a Beckman 12OB updated 
analyzer. No correction was made for the degradative loss 
of serine during the hydrolysis period. 
High voltage electrophoresis was performed with Whatman 
1 MM or 3 MM paper at pH 4.0 with a Gilson Model D high 
voltage electrophorater. Thin layer chromatography of peptides 
and amino acids was performed on microcrystalline cellulose 
and silica gel plates supplied by Brinkmann Instruments 
utilizing procedures described by Pataki (32). 
32 Dephosphorylation of the P-phosphopeptides by phos-
phorylase phosphatase was measured at 37° in 50 mM Tris-
acetate-5 mM DTT, pK 7.5. The sample volume varied according 
to the specific radioactivity of the peptide. Normally an 
assay of 0.15 ml was used with product formation amounting 
to 10-15% of the substrate utilized. Linear reaction jates 
could be demonstrated for 15 minutes under these conditions. 
The reaction was terminated by the addition of 0.5 ml pyridine 
acetate buffer, pH 3.1, 10 mM in phosphate. The reaction 
contents were transferred into Pasteur pipettes containing 
approximately 1 g of Dowex 5 0 resin which had been equili­
brated with pyridine acetate buffer, pK 3.1. Three 0.5 ml 
32 
washes and one 1.0 ml wash removed all P^ liberated. The 
eluate was collected into a scintillation vial and 15 mis 
of Bray's solution were added prior to counting. 
3 / 
Dephosphorylation. of "P-phosphorylase a was measurea by 
modification of the direct method described by Kurd e^ al. 
32 (19). P-phosphorylase a was incubated at 23 or 37° C in 
50 mM Tris acetate-5 itiM DTT , pH 7.5 with phosphorylase phos­
phatase. Sample volum.es varied according to the specific 
radioactivity of the substrate. Normally an assay consisted 
of 0.50 ml. Linear reaction rates could be demonstrated for 
15 minutes and product formation was limited to 10-15% of 
the total radioactivity. The reaction was stopped by the 
addition of 0.50 ml of a solution containing 5 0 mg/ml BSA-0.4 
M 3-glycerol phosphate, pH 5.8. Immediately after the addi­
tion of the ESA 0.50 m.l of a 50% (w/v) TCA solution was added. 
The Corex tubes containing the assays were placed on ice 
and the samples diluted to 3.50 ml with carrier phosphate 
solution. After centrifugation at 4°, the supernatant fluids 
were decanted an.d 3.0 mis transferred to a scintillation 
vial. Fifteen m^l of Bray's solution was added prior to 
counting. 
Peptide chromatography on Dowex 1 and Dowex 50 resins 
was performed according to the methods described by Schroeder 
(28). Pyridine, a-picoline and N-ethylmorpholine were dis­
tilled prior to the preparation of the pH 3.1, 5.0, 5.6, 
6.5, 8.4, and 9.4 buffers. 
Acetylation of the tetradecapeptide was performed ac­
cording to the methodology described by Riordan and Valee '33) 
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Dansylation was carried out similar to the procedures out­
lined by Gray (34) . 
Maleylation was accomplished by a. procedure published 
by Freedman et aA. (35). Because the sample volumie was quite 
small the borate buffer concentration was increased to main­
tain the alkaline pH. 
Carboxypeptidase digestions were accomplished by using 
the procedures recommended by Arribler (3 6) . 
Phosphorylase a and b concentration was determined 
spectrophotometrically with the use of an absorbency index of 
of 1.27 and 1.32 respectively for 1.0 mg/ml solution (37). 
Enzyme activities of phosphorylase a and b were measured 
according to the method of Illingworth and Cori (31). 
Radioautography was performed with Kodak No Screen X-
ray film. 
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PART I. STUDIES OF THE DEPKOSPKORYLATION OF PHOSPHOPEPTIDE 
DERIVATIVES FROM PHOSPHORYLASE a BY MUSCLE PHOS­
PHORYLASE PHOSPHATASE 
20 
INTRODUCTION 
Studies of the action of modifiers which affected rhe 
•phosphorylase phosphatase reaction by substrate and/or enzyme 
directed effects required the utilization of an alternative 
substrate which would not bind modifiers. The tetradecapep-
tide was chosen as the alternative substrate and it was 
decided to investigate by kineric studies the differences in 
the rate of dephosphorylation of the peptide versus phos­
phorylase a. Also, the determination as to whether the re­
quirement for an arginyl residue could be overcome by 
utilizing a larger portion of the natural substrate and the 
role certain amino acid residues contained in the peptide 
played in the interaction of the peptide with the phosphatase 
were thought ro be interesting areas for study. 
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RESULTS 
Dephosphorylation Kinetics of the Tetradecapeptide 
and Modified Derivatives Thereof 
Initial velocity studies of the tetradecapeptide and phos-
phorylase a 
32 Initial rate studies utilizing the P label tetra­
decapeptide as a substrate for phosphorylase phosphatase 
yielded linear reciprocal plots which allowed determination 
of K and V values. It may be seen (Figure 2) that the 
mm
major difference in the ability of the phosphopeptide to 
serve as a substrate for the phosphatase as compared to 
phosphorylase a is due to a decreased binding affinity which 
is illustrated by an 80 fold difference in the K values. 
m 
Effect of modification by carboxypeptidase A digestion 
The tetradecapeptide was modified to assess the im­
portance of various residues to its interaction with the 
phosphatase. A didecapeptide was produced by the removal of 
the two carboxy terminal residues leucine and glycine by 
treatment with carboxypeptidase A. Carboxypeptidase A was 
prepared for use by the method described by Ambler (36). To 
0.1 ml (1.4 pMoles) of a solution containing the tetra­
decapeptide was added 0.5 mg of carboxypeptidase A in 0.5 ml 
N-ethylmorpholine acetate, pH 8.5. The reaction was followed 
by the appearance of a ninhydrin staining peptide which 
migrated just ahead of the tetradecapeptide on high voltage 
I I I I I—r 
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32, Lineweaver-Burk plot of the dephosphorylation of ~"P-phosphorylase a 
and ^^P-tetradecapeptide by phosphorylase phosphatase ~ 
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electrophoresis, and zhe appearance of two amino acids whose 
migration on microcrystalline cellulose TLC corresponded to 
leucine and glycine. After an 8 hr incubation at 23° the 
reaction mixture was applied as a band to Whatman 3 MM paper 
and subjected to high voltage electrophoresis at 20 00 V for 
1 hour. Two strips were cut from the electropherograph 
perpendicular to and containing the edges of the migration 
band. After staining for ninhydrin positive areas the strips 
were used to locate the region containing the modified pep­
tide of the remaining electropherograph. The region was 
cut out and the modified peptide eluted by descending 
chromatography with water. The eluate was lyophilized, re-
dissolved in dilute pyridine acetate and applied to a 0.9 x 
25 cm Dowex 5 0-X2 columen thermiostated at 37° which was 
equilibrated with pyridine acetate, pK 3.3. Elution 
of the peptide v/as achieved by a linear gradient of 7 5 ml 
of pyridine acetate buffer, pH 5.0. The elution profile is 
shown in Figure (3). 
The peak fractions were pooled and lyophilized. The 
peptide was dissolved in water and an aliquot removed for 
amino acid hydrolysis and high voltage electrophoresis along 
with the tetradecapeptide. Only one ninhydrin positive spot 
was seen on high voltage electrophoresis which migrated dif­
ferently from the tetradecapeptide. Amino acid analysis shown 
below confirmed the loss of the two carboxyterminal residues. 
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Figure 3. Dowex-50 chromatography of didecapeptide. The 
column (0.9 x 25 cm) was equilibrated with dilute 
pyridine acetate buffer (0.2 M:4.7 M) and elution 
was achieved with a linear gradient of concentra­
ted pyridine acetate buffer (2.0 M:2.4 M), pH 5.0. 
(75 mis) Fractions of approximately 1.5 ml were 
collected and 10 yl used for counting 
Kinetic srudies shown below of the phosphatase action on the 
two substrates is shown in Figure (4). 
Tetradecaoeotide Didecaoeptide 
Mole Ratio Mole Ratio 
Calculated Estimated Calculated Esti .mal 
Asp 1.2 1 1.2 1 
Ser 1.6 2 1.5 2 
Glu 3.0 3 3.2 3 
Val .98 1 .85 1 
lieu 1.1 1 1.0 1 
Lys 1.8 2 1.8 2 
Arg 1 . D 2 1.7 2 
Leu 1.0 1 >.01 0 
Cly 1.0 1 >.01 0 
Migration on high voltage electrophoresis 
tetradecapeptide 7.8 cm 
didecapeptide 8.7 err, 
Modification of the tetradecapeptide by removal of its 
two carboxy terminal residues resulted in a decrease in the 
binding affinity of the phosphatase for the didecapeptide as 
shown by the 2 0% increase in the K value for the latter in 
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peptide. No change in the value was observed. 
Effect of modification by carboxypeptidase A and B digestion 
Treatment of a preparation of the didecapeptide with 
carboxypeptidase B to remove the carboxyl terminal arginine 
was undertaken to investigate whether Arg-12 was required in 
this peptide for dephosphorylation. To 0.25 ml of 0.2 M 
N-ethylmorpholine, pH 8.5 containing 75 yg of carboxypeptidase 
B was added 0.25 yMole of the didecapeptide. The reaction was 
followed by high voltage electrophoresis of aliquots of the 
solution. The appearance of arginine and a ninhydrin positive 
spot which migrated less than the didecapeptide was observed. 
The digestion appeared nearly complete after thirty minutes. 
The reaction was stopped after four hours and treated similar­
ly to the carboxypeptidase A digestion mixture. Ninhydrin 
visualization of the reaction products showed several bands. 
Four cationic bands could be identified by ninhydrin, one 
of which was arginine. Three cationic bands and one anionic 
band could be seen by autoradiography. This suggested that 
other proteolytic enzymes had contaminated the preparation of 
carboxypeptidase B. The area which corresponded to where the 
first cationic species appeared, was cut out and the peptide 
was eluted from the strip as before. Electrophoresis of the 
eluate revealed that the peptide was still impure so Dowex 
5 0 chromatography was utilized to achieve further purifi­
cation. The elution profile is shown in Figure (5). The peak 
J H 
X 
E 
CL 
u 
425  
400  
375  
350  
325  
300  
275  
250  
225  
200  
175  
150  
125  
100  
75  
50  
25  
I • I X X 
40  42  44  46  48  50  52  54  56  58  60  62  64  6  
F r a c t i o n  n u m b e r  
Figure 5. Dowex-50 chromatography of unidecapeptide. The 
column (0.9 x 25 cm) was equilibrated with dilute 
pyridine acetate buffer and the peptide was eluted 
with concentrated pyridine acetate buffer (75 mis). 
Fractions of approximately 1.0 ml were collected 
and 10 yl used for counting 
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chromatography of unidecapeptide. The 
0.9 X 25 cm) was equilibrated with dilute 
acetate buffer and the peptide was eluted 
centrated pyridine acetate buffer (75 mis). 
s of approximately 1.0 ml were collected 
1 used for counting 
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tubes were treated as previously and aliquots of the re-
dissolved peptide were subjected to amino acid hydrolysis and 
high voltage electrophoresis. The amino acid analysis of the 
purified peptide is shown below along with the migration on 
high voltage electrophoresis of the three peptides. Amino 
acid analysis of the unidecapeptide confirmed that the 
carboxy terminal arginine had been removed. 
Tetradecapeptide 
Mole Ratio 
Unidecapeptide 
Mole Ratio 
Asp 
Ser 
Glu 
Val 
lieu 
Lys 
Arg 
Leu 
Gly 
Calculated 
1.2 
1.6 
3.0 
.98 
1.1 
1.8 
1.6 
1.0 
1.0 
Estimated 
1 
2 
3 
1 
1 
2 
2 
1 
1 
Calculated 
1.1 
1.7 
3.1 
1.2 
1.0 
2 . 2  
. 8 2  
.12 
Estimated 
1 
2 
3 
1 
1 
2 
1 
0 
0 
Migration of peptides on high voltage electrophoresis 
(4000 V, 1/2 hour) 
tetradecapeptide 7.8 cm 
didecapeptide 8.7 cm 
unidecapeptide 6.4 cm 
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Inc'obation of the unidecapeptide wizh the phosphatase 
gave no significant release of counts above thar of the 
blank. An experiment was tried in which arginine ethyl ester 
was added "co "che incubation mixture of phosphatase and the 
unidecapeptide to see if dephosphorylation would occur. An 
amount of phosphatase which would have released 15% of the 
total counts of tetradecapeptide was added to the reaction mix­
tures in the presence (4 and 4 0 mM) and absence of arginine 
ethyl ester (AEE). Again the peptide was inactive as a substrate. 
The data suggest that the removal of arginine from the 
didecapeptide resulted in it being unable to serve as 
a substrate. This result was not unexpected as Graves e^ al. 
had shown that removal of arginine from a hexapeptide con­
sisting of residues 7-12 rendered it an ineffective substrate 
(24). Thus residues 1-6 are neither essential for recognition 
nor will they substitute for the loss of an arginine residue 
at position 12 of the tetradecapeptide. They do contribute, 
however, to enhancing the binding affinity. 
Effect of acetylation, maleylation, and dansylaticn 
The effect of blocking the positively charged a-amino 
and two s-amino functions on the recognition of the tetra­
decapeptide by phosphorylase phosphatase was investigated by 
chemical modification. The modifiers selected were acetic 
anhydride, maleic anhydride and DNSCl. The^re ^/ere chosen to 
introduce blocking groups that were small, of the opposite 
charge, and hydrophobic, respectively. 
The acetylated tetradecapeptide was prepared by incu­
bating 1.4 vMole of tetradecapeptide in a 0.5 ml solution of 
0.8 M borate buffer, pK S.O on ice wiûh 250 pMoles of acetic 
anhydride. The reaction was allowed to come to room tempera­
ture and stopped after one hour. The reaction mixture was 
desalted by Sephadex G-25 chromatography and applied to a 
0.9 X 25 cm col'omn of Dowex 50W-X2 equilibrated with 1.7 M 
acetic acid. Two gradients were applied. The first was 
dilute pyridine-acetate buffer, pH 3.1. The second was 
concentrated pyridine-acetate buffer, pK 5.0. The peptide 
was eluted shortly after the second gradient was applied 
(Figure 5). The peak tube was lyophilized and stored at 
-15° . 
The maleylated derivative was prepared as the acetylate 
derivative using 200 yMoles of maleic anhydride. Because of 
the instability of the derivative at low pH (3 5) it was puri 
fied by Dowex-1 chromatography according to Schroeder (28). 
The elution profile is shown in Figure (7). The identity of 
the first three peaks was assumed to be the mono, di and tri 
substituted derivatives. The identity of the fourth could 
be due to the modification of the hydroxyl residue of Ser-1 
in addition to the three amino functions. Fractions under 
the third peak were lyophilized and stored at -15° -
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Figure 6. Dowex-5 0 chromatography of the acetylation reaction 
products. The column (0.9 x 2 5 cm) was equilibrated 
with 1.7 M acetic acid and a linear gradient of 
dilute pyridine acetate buffer was begun (25 mis). 
At fraction 35 a linear gradient of concentrated 
pyridine acetate buffer was initiated (50 mis). 
Fractions of approximately 1.5 ml were collected and 
10 il usea for counting 
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Figure 7. Dowex-1 chromatography of maleylation reaction 
products. The column (0.9 x 2 5 cm) was equili­
brated with pH 9.6 buffer and a linear gradient be­
gun with pH 8.6 buffer (25 mis). At fraction number 
35 a second gradient of pH 6.5 buffer was begun (50 
mis). At fraction number 83 a concentrated pyridine 
acetate buffer, pH 5.0 was applied. Fraction size 
was approximately 1.5 mis and 20 yl were used for 
counting 
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The DNS derivative of the tetradecapeptide was prepared 
by the addition of 0.7 ^Mole tetradecapeptide to 1.2 5 ml 
0.05 M NaHCO^. To this was added 1.25 ml of 30 mM DNS-Cl in 
acetone. The reaction mixture was stirred at 37° for one 
hour. The reaction mixture was desalted on Sephadex, lyo-
philized, and applied to a Dowex 5 0W-X2 column. The derivative 
could not be eluted by the pyridine acetate buffer, pH 5.0 
presumably due to its hydrophobic character. Elution 
was achieved with 8.5 M pyridine acetate pH 5.6. The elution 
profile is seen in Figure (8). The peak tubes were lyo-
philized and the yellow peptide stored at -15°. 
The three derivatives were dissolved in water and ali-
quots electrophoresed at pK 4 for 1/2 hour at 4000 V, along 
with the tetradecapeptide. Only the tetradecapeptide was 
ninhydrin positive. The derivatives could be visualized by 
electropherogram was developed with a spray reagent specific 
for peptide bonds (38). The dansylated and acetylated 
derivatives did not migrate from the origin. The DNS 
derivative displayed intense yellow fluorescence as expected. 
The maleylated derivative migrated approximately 1 cm as a 
diffuse band toward the anode and absorbed ultraviolet light. 
The tetradecapeptide moved 7.8 cm toward the cathode. The 
migration behavior of the derivatives supported the assump­
tion that three amino groups were modified in each case. 
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Figure 8. Dowex-50 chromatography of dansylation reaction 
products. The column (0.9 x 25 cm) was equili­
brated with 1.7 M acetic acid and elution begun 
with a linear gradient of dilute pyridine acetate 
buffer (25 mis). After this a second linear 
gradient of concentrated pyridine acetate buffer 
(50 mis) was begun at fraction number 35. Elution 
of the modified peptide was achieved by a pH 5.6 
pyridine acetate buffer (8.5 M:3.1 M) applied at 
fraction number 75. Fraction size was approximate­
ly 1.5 mis and 20 yl were used for counting 
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The three pepride derivatives were dissolved in 50 irS-1 
Tris acetate buffer and the pH adjusted to 7.5. The concen­
tration of each derivative was determined by the radio­
activity found in an aliquot compared to the known specific 
radioactivity of rhe tetradecapeptide solution from which the 
derivatives were prepared. 
The kinetics of phosphorylase phosphatase action 
utilizing the three substrate derivatives is shown in Figure 
(9). It may be seen that blocking the amino functions did 
not prevent the peptides from being dephosphorylated. 
Acetylation of the tetradecapeptide lowered its K . Maleyla-
tion also caused the to decrease by approximately 3 fold, 
yet the bulky side chains containing the carboxylic acid 
moieties appear to interfere with catalysis as demonstrated 
by a seven fold decrease in the The hydrophobic nature 
of the dansylated phosphopeptide appears to have greatly 
enhanced the ability of this peptide to bind to the phos­
phatase while causing the to decrease by one-fourth. 
Figure 9. Lineweaver-Burk plot of the dephosphorylation of 
^^P-radiolabelled tetradecapeptide (TDP) (#), 
triacetylated TDP (B), trimaleylated TDP , 
and tridansylated TDP (^) 
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DISCUSSION 
The dephosphorylation by phosphorylase phosphatase of 
its natural substrate was compared with the dephosphorylation 
of an alternative substrate by kinetic studies. The dif­
ferences observed in the dephosphorylation rates of the two 
substrates can be ascribed to their different binding af­
finities to phosphorylase phosphatase. 
The inability of the phosphatase to dephosphorylate a 
phosphopeptide lacking the arginyl residue close to the 
phosphorylated site could result from two factors. The 
phosphatase may simply be unable to bind the modified peptide 
due to the loss of an electrostatic interaction. Or, the 
absence of an electrostatic interaction results in the in­
ability of catalytic residues of the active site to assume 
the proper orientation whereby a dephosphorylation mechanism 
could occur. In other words, the positively charged guani-
dinium ion is responsible for the "induced fit" of the 
substrate. The former hypothesis could be proven if the 
modified peptide was not a competitive inhibitor. If the 
modified peptide were a competitive inhibitor, this would 
support the second explanation. It can be concluded from 
the kinetic data obtained from the modified tetradecapeptide 
derivatives that the charged c-amino functions are not 
responsible for the tetradecapeptide being a berter substrate 
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than smaller peptides. The peptide derivative whose e-amino 
groups were blocked by acetic anhydride treatment was bound 
with greater affinity than the unmodified phosphopeptide. It 
is interesting to note that the ability of the modified 
peptides to be bound to the phosphatase as illustrated by 
their lowered values is proportional to the hydrophobicity 
of the modified derivatives. Kaleic anhydride was originally 
considered to be an interesting modification reagent because 
it would substitute negative charges where positive charges 
formerly existed. Yet, the maleylated derivative might 
possess considerable hydrophobic character since the 
carboxylic acid function is separated from the peptide chain 
by the four methylene groups of the lysine side chain, an 
amide bond, and another four carbon sequence containing an 
unsaturated bond. Baker has considered the four methylene 
The bulkiness of the modified areas of the maleylated 
and dansylated derivatives could interfere with the catalysis 
of the dephosphorylation as evidenced by the reduction in 
values observed in the kinetic studies with the two deriva­
tives . 
The data suggest that recognition of the tetradecapep-
tide by phosphorylase phosphatase is dependent upon two 
factors. One in a positively charged arginyl residue close 
to the phosphorylated site. Secondly, hydrophobic 
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interactions appear to be of considerable importance in che 
binding of this peptide. The observation that the rate of 
dephosphorylation of various peptide substrates increased 
concomitantly with their molecular size should not be con­
sidered that the phosphatase contains a subsite for at lease 
fourteen amino acid residues. This observation could be the 
result of the increase in hydrophobicity of the substrates. 
Hansch (39) has shown that' hydrophobic forces are of con­
siderable significance in the interaction of certain 
enzymes with active site directed inhibitors. Also, it has 
been demonstrated that the attachment of a hydrophobic moiety 
to peptides containing an antigenic site of tobacco mosaic 
virus protein enhances the ability of the peptide to be 
bound to the antibody (4 0). 
It is interesting from extrapolation of conclusions 
of peptide substrates with phosphorylase phosphatase to 
speculate what forces are involved in the interaction of 
phosphorylase a with the phosphatase. The specificity of 
the phosphatase was shown by its inability to dephosphorylate 
several phosphoprotein substrates (24). This specificity 
could be due to the requirement for an arginyl residue near 
the phosphorylated site. Recently it was reported that the 
inhibitory component of troponin was dephosphorylated by 
phosphorylase phosphatase at rates similar to that observed 
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with its native substrate (41). The phosphorylated site was 
shown to contain an arginyl residue (42). 
The significance of hydrophobic forces involved in the 
protein-protein interaction is compromised by data of Haschke 
et al. (43) who demonstrated that a fragrr.ent formed by 
CNBr treatment of phosphorylase a containing approximately 
80 amino acid residues including the phosphorylated site 
was dephosphorylated at 2 5% the rate of the native substrate. 
The peptide whose isoelectric pK is 10.5 contains a high 
amount of basic amino acids (4 4) . 
Further studies to determine the minimum number of amino 
acid residues necessary for a phosphopeptide to be dephos­
phorylated as well as the effect of conservative and non-
conservative amino acid substitutions upon the ability of 
synthetic phosphopeptide substrates to be dephosphorylated 
specificity and binding requirements involved in the action 
of phosphorylase phosphatase. 
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PART II. REGULATION OF THE DEPHOSPHORYLATION OF PHOSPHORY-
LASE a BY EFFECTORS 
42 
INTRODUCTION 
A central feature of glycolytic control is the regu­
lation of enzymes concerned with glycogen catabolism and 
anabolism which involves a complex series of regulatory 
mechanisms. One aspect of this control involves the response 
of phosphorylase b to positive and negative allosteric ef­
fectors . Another feature is the interconversion of phosphory­
lase a and b forms. In contrast to the well characterized 
process whereby the rate of phosphorylation of phosphorylase 
b by phosphorylase kinase can be powerfully accelerated, 
little is known concerning the processes which regulate the 
dephosphorylation of phosphorylase a by phosphorylase 
phosphatase. Since the kinase exists in both an active and 
inactive form, it was thought that the phosphatase might 
also exist in interconvertible forms. However, the presence 
of two forms of phosphorylase phosphatase with distinct 
catalytic or regulatory properties has not been demonstrated 
in rabbit skeletal muscle. 
A general kinetic rate equation is presented (see 
Appendix) to describe the action of a modifier which affects 
the properties of a macromolecule to serve as a substrate, 
as well as the catalytic activity of the interconverting 
enzyme. A variety of subcases of the general equation in­
volving solely substrate or substrate and enzyme directed 
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modifier effects are included with kinetic methods involving 
the use of an alternative substrate to distinguish the 
various cases. 
I shall demonstrate that the interconversion of phos­
phorylase a to b csm be powerfully regulated by inhibitory 
modifiers which interact with the substrate, phosphorylase a, 
and/or the enzyme, phosphorylase phosphatase. Distinguishing 
between substrate directed and enzyme directed inhibition 
was achieved by the use of an alternative substrate, a 
32  P-tetradecapeptide that was purified from a chymotryptic 
digest of radiolabeled phosphorylase a. 
Hormonal cuid neural stimulation of skeletal muscle re­
sults in the conversion of phosphorylase b to phosphorylase 
a. This response is viewed to create an enzymic species of 
phosphorylase which is not responsive to the negative alio-
 ^  ^ » M  ^ M *3  ^ «"3 ^ J ^  V»  ^
tive effector AMP for activity. The conversion is associated 
with rapid mobilization of carbohydrate energy reserves for 
metabolic use. Because phosphorylase a does not respond to 
positive and negative effectors, the control of its activity 
should reside in modulation of the rate of activation of 
phosphorylase b by phosphorylase kinase versus the rate of in-
activation of phosphorylase a by phosphorylase phosphatase. 
While the control of the former reaction is well studied, the 
regulation of the latter reaction is not well understood. 
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Several compounds were found to activate the phosphatase 
reaction and their mechanism of action was investigated by 
kinetic studies. A physiological role for G-6-P in the regu­
lation of the phosphorylase phosphatase reaction is postu­
lated. 
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RESULTS 
Inhibition of the Phosphorylase 
Phosphatase Reaction 
Mechanism of AMP inhibition 
Compounds which are known to associate with phosphorylase 
a might be expected to alter its ability to serve as a sub­
strate in the interconversion reaction by affecting its 
conformation (45). Sutherland reported in 1951 that AMP in­
hibited the phosphatase reaction with both liver and muscle 
phosphorylase a (45). Indirect evidence that the inhibition 
was substrate directed was provided by Keller (6) who 
demonstrated that AM? inhibited phosphorylase a conversion to 
phosphorylase b' by tryptic attack, a reaction which under 
certain conditions is quite similar to the phosphorylase 
phosphatase reaction (1, 2). The failure of AMP to inhibit 
1W O KV1 X W iX. V CL ^ W ^ 1 ±. Ck ^ * * s—/ O ^ A ^ ^ W ^ ^ ^ ' Z ^  ^ M W -
phosphatase provided direct evidence that the inhibition was 
substrate directed (25). To determine the mechanism of in­
hibition kinetic studies shown in Figure 10 were undertaken. 
The inhibition conforms to the simple competitive case. 
These data suggest that inhibition by AMP operates by the 
formation of an SI complex that cannot be bound by the 
phosphatase which corresponds to case lA described in the 
Appendix. Confirmatory evidence for this mechanism was 
provided by the use of another alternative substrate. 
. À . a. «te * * w* are axprossed as aiùouncs al-
. - \_V > X ^ C*. W J— ^ #. *• f pho sphorylase a 
^ Ci. » L » \_/ -.A - . • > k C& ' o bour.c tc the sub szrat e. 
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phosphorylase a which had the AM? site irreversibly occupied 
by an AMP analogue. This substrate whose properties resemble 
that of a phosphorylase AMP complex (47) was dephosphorylated 
very poorly in comparison to narive phosphorylase a as shown 
in Figure 11. Kinetic studies demonstrated a K value for 
m 
this alternative substrate was approximately one order of 
magnitude greater than that of the native substrate while 
the value remained unchanged. 
Mechanism of inhibition by G-l-P and other phosphorylated 
esters 
Phosphorylated esters were found by the Coris to be 
good inhibitors of the dephosphorylation reaction (2). 
Glucose-l-phosphate was the most potent inhibitor of the 
attack by both trypsin and the phosphatase. Figure 12 il­
lustrates kinetic data of the inhibition by G-l-P. It can 
be seen that the inhibition characteristics conform to that 
of partial competitive inhibition when phosphorylase a is 
used as the substrate. When the phosphopeptide was utilized 
as a substrate, no inhibition was observed by G-l-P even at 
concentrations several fold greater than that necessary to 
produce significant inhibition with the native substrate. 
The kinetic data support an inhibition mechanism whereby 
G-l-P binding to phosphorylase a results in the formation of 
an SI complex which is less tightly bound to the phosphatase 
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Rate of dephosphorylation by phosphorylase phosphatase of native and 
m-FSBA modified phosphorylase a. The reaction mixture contained native 
phosphorylase a i/\) 0.30 mg/ml or m-FSBA modified a (Q) 0.24 ma/ml 
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when compared to the native substrate yet converted to product 
at the same rate which corresponds to case IC described in 
the Appendix. It should be noted that although the inhibition 
characteristics of this substrate directed inhibitor are those 
of a partial competitive inhibitor the mechanism of action is 
distinctly different. Other phosphate esters such as 6-
glycerol phosphate and serine phosphate were inhibitory at 
much higher concentrations than G-l-P when the native sub­
strate was utilized. Glycerol phosphate caused mixed in­
hibition kinetics and nonlinear convex Dixon plots when the 
native substrate was used. Competitive kinetics were ob­
served when the tetradecapeptide was the substrate. This 
kinetic behavior could occur if a modifier formed an SI 
complex which was bound less tightly and converted less 
efficiently to product versus the native substrate, and the 
modifier also acted as a simple competitive inhibitor. 
glycerol phosphate has been shown to associate with phos-
phorylase by its action as a noncompetitive inhibitor (48). 
Mechanism of phosphate inhibition 
Inorganic phosphate inhibits the dephosphorylation of 
phosphorylase a. Since phosphorylase binds phosphate, a 
substrate, it might be expected that the inhibition was sub­
strate directed. However, since the substrate of the 
phosphatase is a phosphate ester, it would be expected that a 
52 
binding site for phosphate exists on the phosphatase so tnat 
inhibition by phosphate could result from competition for 
the substrate binding site. Inhibition resulting from both 
effects should be more pronounced when phosphorylase a 
rather than the peptide was utilized as a substrate. Figures 
13 and 14 show inhibition kinetics of phosphate with both sub­
strates. Since in each case the kinetics are of the simple 
competitive type and the values are similar, it would ap­
pear that the inhibition is solely enzyme directed and phos­
phate binding to phosphorylase a does not alter its charac­
teristics as a substrate. 
Mechanism of divalent metal ion inhibition 
Inhibition of the phosphorylase phosphatase reaction by 
divalent metal ions was demonstrated by Keller and Cori (5). 
It has been demonstrated that phosphorylase contains a metal 
binding site (49). The divalent metal ions, Co^^, , 
++ 4"+ -r-r 
Mn , Mg , and Ca inhibited the dephosphorylation of 
phosphorylase a. Figure 15 shows that Mg^^ and Mn^^ inhibi­
tion of the dephosphorylation of phosphorylase a follows 
competitive kinetics. The convex character of the Dixon 
plot is suggestive that another locus of inhibition exists. 
Figure 16 illustrates the simple competitive inhibition kinetics 
+ + 
of Mg on the dephosphorylation of the peptide substrate. A 
value of approximately 40 mM is obtained for the from the 
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Figure 13. Kinetics of phosphate inhibition of the dephos-
phorylation of phosphorylase a by phosphorylase 
phosphatase. A, Lineweaver-Burk plot with respect 
to 32p_phQsphorylase a at 0 (^) , 5 (#) , 10 (• ) , 
and 15 (A) mM phosphate. B, Dixon plot with 
respect to phosphate of data from graph A at phos­
phorylase a concentrations of 1.0 (^) , .33 (^) , 
.20 (•), .14 (A) and .042 (^) mg/ml 
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Figure 14. Kinetics of phosphate inhibition of phosphorylase 
phosphatase. A, Lineweaver-Burk plot with respect 
t o  3 2 p _ t e t r a d e c a p e p t i d e  a t  0  i ^ )  i  1 . 0  ( # ) r  2 . 0  
(Dr and 5.0 (A) mM phosphate. B, Dixon plot 
o f  d a t a  f r o m  g r a p h  A  a t  . 2 9  ( ^ )  ,  .  0 9 7  ( #  )  ,  . 0 5 8  
(fl), and .042 (^) mM tetradecapeptide 
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Figure 15. Kinetics of divalent cation inhibition of the de-
phosphorylation of ^^P-phosphorylase a by phos-
phorylase phosphatase. Lineweaver-Burk plot with 
r e s p e c t  t o  3 2 p _ p h o s p h o r y l a s e  a  a t  0  ( # ) ,  3 . 0  m M  
magnesium ion (|) , and 2.5 mM manganous ion (WL) . 
Insert, Dixon plot with respect to magnesium (|) 
and manganous (^) ion, concentration at 1.5 mg/ml 
phosphorylase a 
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Figure 16. Kinetics of magnesium ion inhibition of phosphory-
lase phosphatase. A, Lineweaver-Burk plot with 
respect to 32p-tetradecapeptide at 0 (0)/ 5 (^) / 
15 (D , and 30 mM magnesium ion. B, Dixon 
plot with respect to magnesium ion of data from 
graph A at .67 (0) , .22 (^) , .13 d) , and .095 
(^) mM tetradecapeptide 
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latter plot. 
Due to the complex nature of the inhibition kinetics by 
ion when phosphorylase a is utilized as a substrate a 
meaningful cannot be obtained directly from the data. 
Yet, inspection of the inhibition shows that Mg^^ concentra­
tions which inhibit the dephosphorylation are nearly one order 
of magnitude less than those necessary to inhibit the de­
phosphorylation of the peptide. The results can be ration-
++ 
alized if Mg binding to phosphorylase phosphatase causes 
++ inhibition with a of 4 0 mM and Mg binding to phosphory­
lase a causes inhibition with a of approximately 4 mM. 
This is consistent with the predictions of the inhibition mech­
anism II-C or II-D described in the Appendix. 
Enzyme and substrate directed inhibition by acetate 
Inhibition of enzyme interconversion by a modifier whose 
action is directed toward both substrate and enzyme can be 
identified in certain cases by the convex nature of a Dixon 
plot when the native substrate is used. This is illustrated 
by Figure 17 in which a Dixon plot of acetate inhibition using 
phosphorylase a as the substrate is compared to a similar 
plot where the tetradecapeptide was utilized as a substrate. 
As predicted by the kinetic model described in the Appendix 
2 the inclusion of I/K^ and I /KjK^ terms in the rate equation 
results in an inhibitor displaying a greater inhibitory 
çure 17. Effect of sodiuiû acetate on the dephosphoryla-
tion of a and 32p-tetra-
decapeptide by phosphorylase phosphatase. Plot 
of % velocity (A) and reciprocal of % velocity 
(3) versus acetate concentration using 32p_ 
phosphorylase a ) and 32p_tgtradecapeptide 
(S) 2.S substrates. Concentration of phosphory-
^ t.ts c "• n m r» 1 
0.13 roM, respectively 
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potential when the native substrate is utilized than the 
alternative substrate. 
Mechanism of EDTA inhibition 
Inhibition of the phosphorylase a to b conversion by 
EDTA was reported by Keller and Cori in 1955 (5). Figure 8 
and Figure 9 illustrate the inhibition kinetics observed 
when the native and the alternative substrates are utilized, 
respectively. In both cases competitive kinetics are ob­
served. However, the Dixon plot using the native substrate 
is nonlinear while the same plot for the alternative sub­
strate is linear. These data are interpreted to suggest 
EDTA binds to both substrate and enzyme. 
Distinguishing the locii of divalent metal ion and EDTA 
inhibition by multiple inhibition kinetics 
It is well known that many phosphatases contain a metal 
ion at their active center. It has not been demonstrated 
that phosphorylase phosphatase contains a metal ion yet 
inhibition by EDTA and divalent metal ions would tend to 
support this hypothesis. However, EDTA inhibition did not 
appear to be a property of its metal binding capacity (5). 
Investigation of this problem was approached by attempts to 
identify the locus of metal ion inhibition and to determine 
whether it was identical to the locus of EDTA inhibition. Yagi 
and Ozawa as well as Yonetani and Theorell demonstrated a 
method to distinguish whether two competitive inhibitors acted 
Figure 18. Kinetics of EDTA inhibition of the dephosphory-
lation of phosphorylase a by phosphorylase phos­
phatase. Lineweaver-Burk plot with respect to 
3 2 p - p h o s p h o r y l a s e  a  a t  0  ( 0 )  a n d  2 0  ( | )  m M  
EDTA. Insert, Dixon plot with respect to EDTA 
at 1.5 (A) mg/ml ^^P-phosphorylase a 
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Figure 19. Kinetics of EDTA inhibition of phosphorylase phos­
phatase. A, Lineweaver-Burk plot with respect to 
^2p_tetradecapeptide at 0 (0 ) , 5 (^) , 10 (• ) , 
and 25 (^) iriM EDTA. B, Dixon plot with respect 
to EDTA of data from graph A at .67 (#), .22 
(^) , .13 (|) f and .095 ) mM ^^P-tetradecapep-
tide 
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ar the same, adjacent, or independent site(s) (50, 51). The 
binding of two competitive inhibitors to an enz^^ne by, the 
following scheme was considered. 
A rate equation of the form 
-, - K K 
was derived where K , K , K ^ , and K _ are the dis-
^1 ^2 ^1^2 ^2^1 
sociation constants for the enzyme inhibitor complexes shown 
in the scheme above. An interaction constant, a, was defined 
as : 
a = ^ 
K., K_ 
I2 i;L 
If and interact at the same site they prevent one 
:om binding and If I^ and I2 interact at 
68 
different sites ™>a>0. A plot of 1/V versus at different 
levels of I2 will have a constant slope when and I2 
bind at the same site (a=™). If and bind at different 
sites the slope will vary as a function of I2. For our 
studies it was assumed that metal ion and EDTA inhibition 
arose from each inhibitor interacting at a separate site on 
the phosphatase. However, a direct approach of using magnesium 
ion and EDTA in inhibition studies could not be undertaken 
because of the formation of MgEDTA complexes. Also, since 
both modifiers bind to phosphorylase, the phosphopeptide was 
utilized as the substrate for the subsequent studies. It was 
hypothesized that metal ion inhibition was due to the cation 
binding at the arginyl recognition site of the phosphatase. 
Competitive inhibition kinetics of the phosphorylase phos­
phatase reaction by arginine and lysine ethylester was inter­
preted to arise from these inhibitors competing with phos­
phorylase a for the substrate binding site (52). Substituted 
benzamidines have been found by Baker and Cory (53) to be 
good inhibitors of trypsin and complement. A compound m-
propoxy benzamidine, which was kindly furnished by the late 
Dr. Robert Baker and whose structure is shown below , was 
found to be a good competitive inhibitor of phosphorylase 
phosphatase (Figure 20). Figure 21(A) shows a Yonetani-
Theorell plot at two levels of the substituted benzamidine 
++ 
with increasing levels of Mg . The parallel character of 
Figure 20. Kinetics of m-propoxy benzamidine inhibition of 
phosphorylase phosphatase. A, Lineweaver-Burk 
plot with respect to 32p_tetradecapeptide at 0 
(•), 1.0 (^) , 2.5 (•), and 5.0 (A) mM. B, 
Dixon plot with respect to the substituted benza­
midine of data from graph A at .67 (®) , .22 
(#) , .13 (•), and .095 (A) mM 32p_tetra-
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+4" 
the plot suggests that Mg and the substituted benzamidine 
arginine analog exert their inhibitory effect at the same 
site. Figure 21(B)reconfirms the interpretation of the 
previous plot by demonstrating parallel character of a 
Yonetani-Theorell at two levels of Mg"^"*" and increasing levels 
of m-propoxy benzamidine. Figure 22 shows a Yonetani-
Theorell plot at two levels of the substituted benzamidine 
arginine analog and increasing levels of EDTA. It can be 
seen that the lines intersect which suggest that the 
locus of EDTA inhibition is distinct from that of the benza-
++ 
midine compound and hence Mg 
Fluoride inhibition 
Fluoride ion is a potent inhibitor of many phosphatases. 
Its action on the dephosphorylation of phosphorylase a is 
shown in Figure 2 3. It can be seen that the inhibition is 
competitive with a nonlinear convex Dixon plot. Figure 24 
shows a similar plot utilizing the tetradecapeptide as the 
substrate. The kinetic model does not consider a case where 
an inhibitor yields a convex Dixon plot when the alternative 
substrate is utilized. 
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Figure 21. Yonetani-Theorell plots of magnesium ion and m-
propoxy benzamidine inhibition of phosphorylase 
phosphatase. A, reciprocal of velocity is plot­
ted versus magnesium ion at 0 (# ) , 3.0 (•) / 
and 6. Ô T^) mM of m-propoxy benzamidine. B, 
reciprocal of velocity is plotted versus arginine 
analog at 0 (#) , 15 ifli), and 30 ( A ) mM 
magnesium acetate. ^^P-tetradecape^ide concen­
tration was .04 mM 
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Figure 22. Yonetani-Theorell plot of EDTA and m-propoxy 
benzamidine inhibition of phosphorylase phos­
phatase. Reciprocal of velocity is plotted 
versus EDTA at 0 (0)/ 2.5 (fl ) / and 5.0 ij^) 
mM of the substituted benzamidine. ^^P-tetra-
decapeptide concentration was .04 mM 
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Figure 23. Kinetics of fluoride ion inhibition of the de-
phosphorylation of phosphorylase a by phos­
phorylase phosphatase. Lineweaver-Burk plot 
with respect to 32p-phosphorylase a at 0 (#) 
and 2.5 (Jj^) mM fluoride. Insert, Dixon plot 
with respect to fluoride at 1.5 (îi) mg/ml 32p_ 
phosphorylase a 
76 
E 4.0 
X 2.0 
1 Sh f" I • • ^ ^ \ 
r I uu I I V# c \ iitnn / 
1 .0  
0 12 3 4 
( P h o s p h o r y  I a s e  
76 
f \ \ inivi ; I UU I 1 u c 
1 J I I I I I I I I L 
0 12 3 4 5 , 6 7 .8 9 
( P h o s p h o r y I a s e  a )  ,  ( m g / m I )  
Figure 24. Kinetics of fluoride ion inhibition of phosphory-
lase phosphatase. A, Lineweaver-Burk plot with 
respect to 32p-tetradecapeptide at 0 (0), 1.5 
(^) / 3.0 (H) / and 4.5 (A) mM fluoride. B, 
Dixon plot vith respect to fluoride of data 
from graph A at .24 (#), .08 , .048 (•), 
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Activation of the Phosphorylase 
Phosphatase Reaction 
Temperature effects and activation by glucose, glycogen, and 
G~6~P 
Graves e^ al. (54) has demonstrated that glucose and 
hydrolyzed amylose enhanced tryptic attack of phosphorylase a. 
It was thought that the action of the effectors was due to 
the dissociation of tetrameric phosphorylase a to dimeric 
phosphorylase a which was a better substrate for trypsin. 
At 37° in 50 mM Tris acetate-1 mM DTT buffer, pH 7.5 the 
addition of glucose produced little or no activation of the 
phosphorylase phosphatase reaction. At 23° in the same buffer 
where phosphorylase a exists predominately as the tetrameric 
species, activation of the phosphorylase phosphatase reaction 
was observed upon the addition of glucose, G-6-P, or glycogen. 
Kinetic studies of the dephosphorylation of phosphorylase 
a were carried out at 37° and 23°. It was found that the 
rate of dephosphorylation was considerably reduced by the 
15° change in temperature. A Q^Q value of 4.2 was determined. 
The temperature effect could be attributed to a change in 
V since the K value was not altered- A temperature change 
m&x m 
of 15° did not affect the dephosphorylation of the peptide 
substrate to the same degree (Q^Q=2.2). Holmes and Mansour had 
observed that incubation of rat diaphragm muscle in glucose 
caused a marked decrease in the activity of phosphorylase a 
80 
(55). The dephosphorylation of skeletal muscle phosphory-
lase a by a phosphorylase phosphatase preparation from 
diaphragm muscle extracts was stimulated by glucose, glycogen, 
and in some cases G-6-P. Under the conditions of our assay 
G-5-P was found to be a better activator than glucose. The 
stimulation of the phosphatase reaction by glucose, G-6-P, 
and glycogen is shown in Figure 25. It can be seen that each 
activator can double the rate of dephosphorylation of phos­
phorylase a at the concentration utilized. Purified shell­
fish glycogen at concentrations above 0.1% are less acti­
vating. High molecular weight glycogen isolated from rabbit 
liver by the procedure of Mordoh et al. (56) was found to be 
less stimulatory than shellfish glycogen. Hydrolyzed amylo-
pectin of DP-5 0 was even less stimulatory than rabbit liver 
glycogen. Both substances were inhibitory at concentrations 
greater than 0.1%. When an alternative substrate, a tetra-
decapeptide containing the phosphorylated site, was utilized 
under identical conditions no activation of the dephosphory­
lation was observed by the three activators. This then pro­
vides direct evidence that the effectors glucose, G-6-P, and 
glycogen all operate by substrate directed effects. 
Mechanism of glucose activation 
Kinetic studies were undertaken to determine the mechanism 
of activation of the three carbohydrates. Figure 26 illustrates 
A  
200 
180 
o  1 6 0  
140 
1 2 0  
10 
0 1.0 2.0 3.0 4.0 5.0 
( A c t  i  v a t o  r )  m M  
Figure 25. Effect of glucose, glucose-6-phosphate (G-6-P), 
and glycogen on the activation of the dephos-
phorylation of phosphorylase a by phosphorylase 
phosphatase. A, plot of % velocity versus the 
concentration of G-6-P (^) and glucose ) . 
Phosphorylase a concentration was .2 mg/ml. 
B, plot of % velocity versus glycogen (^) con­
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Figure 26. Kinetics of the activation by glucose of the phos-
phorylase phosphatase reaction. Lineweaver-
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the activation kinetics by glucose of the phosphatase reac­
tion. It can be seen that glucose activation of the dephos-
phorylation operates by increasing the of the reaction. 
This corresponds closely to case II-F described in the 
Appendix where an effector binding to substrate results in a 
species of substrate which is more easily converted yet whose 
K value is unaltered. 
m 
The values of several kinetic constants cannot be 
directly obtained from the graphical data due to the complex 
nature of the rate equation. The following manipulation 
allows values for , and ^2 3*^^21 determined. The 
equation for the initial velocity of a solely substrate 
directed activator described in the Appendix is: 
l+k*A/Ki V S l+k*A/K' 
^ " ^m^l+A/K^ ^ IT" ^1+A/Kj ^ (1) 
where k* = ^23^^21 "^m ~ ^ 21^o' the equation for the 
initial velocity when A=0 is subtracted from Equation 1 the 
following rate equation is obtained; 
k*A/K'-A/K' V^S. k*A/Kf-A/K 
] + -ir' 1+A/K, ' <2> 
Equation 2 can be expressed in terms of initial velocity 
as : 
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T T K'/A+l K'/A+Kl/K^ 
Sv " V ^ k*-l ^ v"~sr^ k*-K;/K. ' 
m m t A 1 
The intercept and slope terms are: 
K * 
intercept = + i-(k*rr) ^  
m m 
K Xy/K K , 
Slope = V s. ^ k*-Kf/K^^ ^V~sr^k*-K'/K^^ Â 
m r 1 A m t Z Z 
A replot of intercept versus 1/A give [V^(l-k*)] as 
the ordinate intercept. The ratio of the slope to intercept 
value yields Ki, and the abscissa intercept yields -
A replot of slopes versus 1/A gives Ky as the slope 
to intercept ratio and the negative reciprocal of the abscissa 
intercept. 
A plot of 1/AA (where AV = velocity in the absence of 
glucose subtracted from velocity in the presence of glucose) 
versus the reciprocal of the phosphorylase a concentration. 
Using the data obtained from replots of the three intercept 
and slope values versus the reciprocal of the glucose con­
centration a value of 4.0 + .04 mX glucose for the , 4.1 4-
.03 mM glucose for the and a value of 3.5 for ^2 3^^21' 
The similarity of the K_ and Ki values agrees with prediction 
of the model. and Kl are defined as the dissociation 
constants of SA and ES-A species, respectively. "he 1/Av plot 
is shown in Figure 2 8(A). 
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Mechanism of G-6-P activation 
A Lineweaver-Burk plot illustrating the activation of the 
phosphatase reaction by G-6-P is shown in Figure 27. it can 
be seen the activation kinetics are similar to those obtained 
with glucose, that is the modifier binds to substrate result­
ing in a slight change of the value for the SA complex 
compared to the native substrate but the is more than 
doubled. Data obtained from replots of intercepts and slopes 
of a 1/Av versus 1/phosphorylase a plot gave values of 3.0 
+ .03 mM G-6-P for , 3.3 + .04 mM G-6-P for and a value 
of 3.2 for ^23^^21' 1/Av plot is shown in Figure 28(B). 
Differentiation of the sites of glucose and G-6-P activation 
Because of the similarities in the mechanism of activa­
tion of glucose and glucose-6-phosphate the question arose as 
to whether their binding was at the same site on phosphory-
lase or at different sites but still giving a similar effect. 
It has been demonstrated that glucose is a competitive in­
hibitor for G-l-P (48) while G-6-P displays partial competi­
tive kinetics with respect to AMP presumably interacting at 
or affecting a subsite for the binding of the phosphory1 
moiety (57). Phosphorylase a covalently modified at its AMP 
site was utilized to study the action of the two effectors. 
32 
At 3.75 mM glucose and G-6-P, the P^ release of the sample 
containing glucose was 163% that of the control while the 
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Kinetics of the activation by glucose-t-phosphate 
of the phosphorylase phosphatase reaction. Line-
weaver-Burk plot with respect to ^^P-phosphory-
lase a at 0 (# ) , .5 (A) , 1.5 (D , and 4.5 
(A) mM glucose-6-phosphate 
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Figure 28. Lineweaver-Burk plot of 1/Av  versus phosphorylase a at (A) - 0.5 (i"^i , 
1.5 (H|), and 4.5 {%) mM glucose and (B) - 0.5 (0^) , 1.5 (JL) , and 
4.5 (H) mM G-6-P 
oo 
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sample containing G-6-P was 99% of the control. This suggests 
that although the mechanism of activation of the two carbo­
hydrates is the same they bind at dissimilar sites. 
Mechanism of glycogen activation in the presence and absence 
of G-6-P 
The mechanism by which glycogen activated the phos­
phatase reaction was investigated in conjunction with multiple 
activator studies. Figure 29 shows a Lineweaver-Burk plot of 
the dephosphorylation of phosphorylase a in the presence of 
G-6-P, glycogen, and a combination of the two effectors. It 
is obvious that the effect of glycogen is quite different 
from that of G-6-P. The action of glycogen involves the 
formation of an SA complex whose for dephosphorylation is 
five to tenfold lower than the native substrate while the 
V^ax remains unchanged. This would correspond to mechanism 
I-G described in the Appendix. The addition of G-6-P and 
glycogen produces a substrate species whose of de­
phosphorylation is doubled and whose is several fold lower 
that that of the native substrate. The glycogen stimulation 
of phosphorylase a covalently modified at the AMP cite was 
investigated. At glycogen levels of .035% the dephosphory­
lation was stimulated eight fold. Glucose at 3.75 mM and 
glycogen concentration as before produced an eleven fold 
stimulation. G-6-P added to glycogen was not more stimulatory 
than glycogen alone. The effect of the modifiers is far 
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Figure 29. Interaction of glycogen and glucose-6-phosphate on 
the phosphorylase phosphatase reaction. Line-
weaver-Burk plot with respect to 32p_phosphorylase 
a in the presence of no effectors (0) , 2.0 mM 
glucose-6-phosphate (fl), 0.1% glycogen (^)f 
and 2.0 mM glucose-6-phosphate and 0.1% glycogen 
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greater on this substrate than native phosphorylase a. It 
was previously demonstrated that the modified phosphorylase a 
was a poor substrate for the phosphatase by virtue of its 
high K^. 
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DISCUSSION 
The binding of a ligand to a site on an enzyme can re­
sult in the induction or stabilization of a conformational 
state that affects another distinct site. When an allosteric 
protein is the substrate of an interconverting enzyme a novel 
method of control can be achieved by effectors interacting 
with the substrate to alter its susceptibility to binding 
and/or catalysis. Since phosphorylase a exists as both 
tetrameric and dimeric forms (58) whose conformational states 
can be altered by various effectors (59), a substrate directed 
inhibitor could act by the formation of a particular con­
formational state which would be a poorer substrate than 
native phosphorylase a. To simplify interpretation of the 
inhibition data, all experiments were carried out under con­
ditions of buffer (Tris acetate) , temperature (37°) , and 
WJCI • C> J WIIC;J_C OIIWX -L a CIA A, • 
Ultracentrifugation of phosphorylase a under our assay 
conditions at 37° (1.5 mg/ml, 50 mM Tris acetate-1 mM 
DTT, pH 7.5) showed one peak with a S2Q^ corresponding to 
the dimeric species (60). 
Bot and Dosa have suggested that the tetrameric form of 
phosphorylase is unable to be dephosphorylated by phosphory­
lase phosphatase (61). On this basis it could be argued that 
the mechanism of AMP inhibition involves the production of a 
tetramer which is unable to combine with the phosphatase and 
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become dephosphorylated. Yet a considerable amount of evi­
dence argues against this interpretation. Wang et al. 
(62) and DeVincenzi and Hedrick (63) have shown that AMP pro­
motes the dissociation of tetrameric a to dimers. de Barsy 
et al. suggested that the AMP inhibition could not involve 
tetramer formation since the nucleotide caused dissociation 
of a MNS-phosphorylase a complex and inhibited the dephos-
phorylation of liver phosphorylase a which is dimeric (64). 
Bailey and Whelem have demonstrated that phosphorylase a in 
the presence of AMP at 35® sediments solely as a dimeric 
species (65). Thus, we feel that AMP inhibition results from 
the formation of a dimeric phosphorylase a AMP complex which 
is unable to bind to the phosphatase. It has been suggested 
that a dimeric phosphorylase a can exist in more than one 
conformation (66) . The kinetic model for AMP inhibition sug­
gests that Kj. should bs equivalent tc the for AMP binding 
to phosphorylase a. The obtained from inhibition studies 
ranges from 5-10 uM. This is in agreement with values ob­
tained from kinetic studies at the same temperature (67). It 
should be noted the for AMP of phosphorylase a is dependent 
upon a variety of factors: buffer, ionic strength, pH, and 
temperature (68). An increase in temperature from 28° to 38° 
results in a five-fold increase in the for AMP (67) . 
Glucose-1-phosphate by its action as a positive homotropic 
effector of phosphorylase affects its conformation. The effect 
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of G-l-P upon the structure of phosphorylase varies with ex­
perimental conditions. G-l-P does not reverse the dimeriza-
tion of phosphorylase a resulting from perchlorate dissocia­
tion (69) nor did it affect the rate of reformation of the 
tetrameric species after salt dissociation (70). At high 
concentrations (100 mM) it promoted the association to a tetra­
meric species of a mixture of phosphorylase a and b yet was 
unable to maintain the tetrameric state in the presence of one-
fifteenth its concentration of glucose-6-phosphate (20). 
Under the conditions of our assay and with the levels of G-l-P 
utilized we interpret the action of G-l-P to alter the con­
formation of dimeric phosphorylase a to form a SI complex 
which is poorly bound to the phosphatase but has no effect 
upon the catalysis of the dephosphorylation. Because the in­
hibition mechanism which is analogous to the partial competi-
UO-VC / DIX L.JLW1X OWLXOC.CLI.LU. .ALVI/ 1». C V.A.O 
the data yet inhibition is achieved at G-l-P concentrations 
corresponding to its value. 
Although phosphorylase a binds phosphate its influence 
upon the structure is dependent upon certain conditions. 
Orthophosphate promotes an allosteric transition enhancing 
AMP binding to phosphorylase a in glycerophosphate buffer 
but this effect is not very significant unless glycogen is 
present while in imidazole buffer the promotion is significant 
whether glycogen is present or absent (68). Our data suggest 
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that inhibition of the phosphatase reaction by phosphate can 
solely be attributed to its effect on the phosphatase since 
inhibition studies utilizing the native and alternative 
substrate yield simple competitive kinetics with similar in­
hibition constants. This result need not be interpreted as 
evidence that phosphate does not affect the structure of 
phosphorylase a in Tris buffer, only that a conformational 
change that may occur is ineffective in altering the structure 
of the substrate to dephosphorylation. 
The metal ions Zn , Co , Ca , Mg and Mn all in­
hibit the dephosphorylation of phosphorylase a. The inhibitory 
strength was: Co"^^, Zn"*"*" > Mn"^"^ > Ca^^, Mg^^. The inhibitory 
mechemism corresponds to case II-C or II-D discussed in the 
Appendix. Studies at varying I/S^ would be necessary to dif­
ferentiate the two cases. The exponential nature of the in­
hibition caused by divalent metal ions constitutes a powerful 
mechanism for the regulation of the phosphatase reaction. 
This could be viewed as operating in cases where MgATP 
+4-
concentration is decreased releasing Mg which would inhibit 
the dephosphorylation of phosphorylase a thereby increasing 
the rate of glycogen degradation. The physiological signifi­
cance of metal ion inhibition of the phosphatase reaction 
however remains to be established. 
The mechanism of EDTA inhibition of the phosphatase 
reaction is similar to that of divalent metal ions in that 
inhibitor binds to both enzyme and substrate, though with much 
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more similar binding affinities, yielding convex and linear 
Dixon plots with the native and alternative substrates, 
respectively. Thus distinguishing between cases II-C and 
II-D is not possible. Several investigators (69, 71) have 
shown that anions affect the activity of phosphorylase a and 
b, also Buel and Hansen demonstrated that EDTA concentra­
tions of 10-100 mM activated phosphorylase a (72). The 
mechanism by which EDTA affects phosphorylase phosphatase is 
unknown. Dialysis against EDTA did not cause any loss of 
activity, nor was the addition of metals stimulatory, and 
since 8-hydroxyquinoline did not affect the activity (6) 
it would be concluded that the chelating properties of EDTA 
are not responsible for its inhibitory effects. Vallee and 
Wacker have cautioned against the interpretation of inhibition 
by chelating agents as proof of metal binding by an enzyme (7 3). 
The demonstration that metal ion inhibition does not occur 
at the same site of EDTA interaction with the phosphatase 
supports this conclusion. The demonstration of the non­
interaction of the EDTA and metal sites on the phosphatase 
was achieved by using an amidine containing compound which 
binds at the arginyl recognition site of the phosphatase. 
It has been demonstrated (59) that fluoride ion has 
drcimatic effects upon the structure and activity of phos­
phorylase b in the presence of AMP while its effects on 
phosphorylase a are not as great. Fluoride inhibits many 
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phosphatases and it strongly inhibits the dephosphorylation 
of both the native and alternative substrate within the yame 
concentration range. Because of rhe nonlinear Dixon plots 
observed with both substrates, an inhibition mechanism can­
not be assigned since the model does nor consider a case 
where the inhibition of an alternative substrate results in 
a convex Dixon plot. The simplest explanation of the data 
would involve fluoride binding to two sites on the phos­
phatase . 
It has been demonstrated AMP and G-l-P inhibit the phos­
phorylase phosphatase reaction by binding to substrate and that 
although phosphate and fluoride ion also bind to the substrate, 
their inhibition arises from enzym^e directed effects. The 
inhibition by divalent metal ions, glycerol phosphate, acetate 
and EDTA involves both substrate and enzyme directed effects. 
Several approaches have been utilized to determine the 
mechanism by which the phosphorylase phosphatase reaction 
responds to effectors. de Barsy (64) aj__. compared the de­
phosphorylation of phosphorylase a to the proteolytic removal 
of an oligopeptide containing the phosphorylated site of phos­
phorylase a by trypsin. The latter reaction forms phosphory­
lase b' which is similar to the product of the former 
reaction in that both enzymatic species require AMP for 
activity. The conversions were followed by the loss of 
enzymatic activity in the presence or absence of AMP. The 
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authors found that glucose stimulated both reactions at 13° C, 
or at 30° when AMP was added, but not at 30° when AMP was 
absent from the reactions. The authors concluded from the 
similarity of the inactivation responses that the glucose 
effect appeared to be due to the binding of hexose to phos-
phorylase a. Bailey and Whelan utilizing the technique of 
an alternative substrate found that glucose did not stimu­
late the dephosphorylation of a proteolytic digest of phos-
phorylase a (65) . Bot and Dosa suggested that G-6-P acti­
vation of the phosphorylase phosphatase reaction was substrate 
directed from the analysis of graphs of % v versus modifier 
at two levels of substrate (61). It was observed that higher 
levels of modifier were necessary to activate the reaction 
containing a higher concentration of substrate than with a 
lower concentration of substrate. The same technique was 
used to support the conclusion that AMP inhibition was sub­
strate directed. Indirect methods such as these have proven 
to be quite useful in the investigation of the locus of 
action of a modifier. The failure by a modifier to demon­
strate an effect measured by an indirect method should not 
be considered as proof the effect is enzyme directed, nor 
should the observation by an indirect method that a modifier 
causes substrate conformation change be construed as proof 
that the locus of effect is entirely substrate directed. In 
the former case, the indirect method utilized may not be 
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sufficiently sensitive to detect a chamge while in the latter 
case, the effector could alter both substrate and enzyme. Con­
clusions obtained by the method of Bot and Ddsa (61) could be 
compromised if em effector acted as a competitive inhibitor 
which would require higher concentrations of the effector to 
produce equivalent inhibition at a higher substrate concen­
tration. The utilization of an alternative substrate allows 
direct evidence that the site where a modifier acts is either 
substratef enzyme, or both. The utilization of kinetic 
studies involving both substrates where possible yields in­
formation on the mechanism by which a modifier affects the 
reaction. 
The analysis of the role that dimeric and tetrameric 
phosphorylase a form play in the activation process is com­
plex. Little to no response is obtained to the three acti­
vators at 37° C at which the substrata is dir.sric. At 2 3° 
where the tetrameric form predominates activation is observed. 
Two of the activators are known to cause the dissociation of 
phosphorylase a. On the basis of this evidence, it could 
be concluded that activation results from the mass action 
effect of two dimers being produced from one tetramer. A 
variety of evidence argues against this interpretation. 
Stimulation was observed at 37° if AMP was added yet the sub­
strate is still dimeric. The reported by Cori for the 
phosphatase reaction was 3.5 + .1 measured from 37° to 17°. 
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Under our assay conditions a value of 4.2 was obtained from 
37° to 23°. These values are considerably in excess of that 
obtained from other enzymatic reactions. One activator 
(glucose) is known to stimulate the dephosphorylation of 
active liver phosphorylase which is dimeric (64). Another 
activator (G-6-P) has been shown not to affect the dissocia­
tion of tetrameric phosphorylase a. Thus the activation 
should not be considered to be due to a mass action effect 
resulting from tetramer dissociation. 
The effect of reduced temperature and the three acti­
vators might best be viewed in terms of conformation altera­
tions resulting in either enhanced binding or catalysis. 
Allosteric transitions (68) of phosphorylase a have been 
shown to affect AMP, phosphate, and glycogen binding in 
response to temperature changes. The dimer at 37° should not 
be considered tc have the sane ccr.fomation as the dimer at 
23° which could also account for the aggregation of the latter 
to form a tetramer at this temperature. Thus the introduc­
tion of an effector at 2 3° which binds to tetramer and/or 
dimer could affect their conformation and thereby activate 
the reaction. Our kinetic studies at 37° and 2 3° show that 
the effect of lowered temperature is to decrease the yet 
not affect the K^. The effect is more predominant when the 
substrate is the native than the alternative substrate. Thus, 
the effect of lowering the temperature of the phosphatase 
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reaction is analogous to an inhibitory chemical modifier 
that binds to substrate and reduces the 
Glucose activation results from a effect. The carbo­
hydrate is known to affect the conformation of phosphorylase 
a by virtue of its increasing the values for G-l-P and 
AMP (68) , causing tetramer dissociation (74) and increasing 
the susceptibility to tryptic attack (54). The effect on 
the phosphatase reaction cannot be solely attributed to dis­
sociation since the levels at which activation occurs in our 
assay are much lower than those necessary for dissociation. 
It has been shown that tetrameric phosphorylase can bind 
glucose (6 6). Also, it has been demonstrated that glucose 
activates the dephosphorylation of liver phosphorylase a which 
is dimeric (64). The activation then by glucose cannot be 
definitely correlated with dissociation. A similar conclusion 
vas reached by Holmes and Man sour (55) and de Barsy e;h (64) . 
It has been shown that the dissociation of phosphorylase a 
is dependent upon protein concentration. If the dimeric form 
was a better substrate, it might be expected that the Line-
weaver-Burk plot in the absence and presence of glucose would 
be nonlinear due to the dilution of phosphorylase a from 1.0 
mg/ml to .11 mg/ml. The evidence suggests that glucose 
stimulation of the phosphorylase phosphatase reaction can 
result from the binding of hexose to tetramer and/or dimer 
enabling the dephosphorylation to be enhanced. 
101 
G-6-P is a negative allosteric effector of the activity 
of phosphorylase b (57). The activity of phosphorylase a is 
reported to be unaffected by the hexose phosphate (11/ 57, 58). 
It has been demonstrated that tetrameric phosphorylase a can­
not be dissociated to the dimeric form by G-6-P (68). Our 
laboratory as well as those of Bot and D6sa (61) and Holmes 
and Mem sour (55) have observed stimulation of the dephos­
phorylation of phosphorylase a by this compound. Hurd 
et al. (23) has suggested that G-6-P enhanced dephosphoryla-
tion by its effect on the conformation of a hybrid of dephos-
phorylated and phosphorylated phosphorylase protomers. She 
demonstrated that during the phosphatase reaction the loss of 
32 P^ compared to the loss of phosphorylase a activity was not 
parallel when phosphorylase a activity was assayed at high 
levels of G-l-P and that a lag in the rate of loss of activity 
32 
occurred until 15-20% of the was released. After this 
32 
amount of P^ release the loss of activity paralleled the 
32 
rate of P^ loss. G-6-P added to the activity assay was 
found to eliminate the lag period. The addition of G-6-P 
to a phosphorylase phosphatase assay did not stimulate the 
32 
reaction until 15-20% of the P^ was released. Our experi­
ments of the G-6-P activation of the dephosphorylation of 
phosphorylase a reaction were designed to eliminate the possi­
bility that the G-6-P effect was the result of its effect on 
hybrid dephosphorylation or overcoming AMP inhibition. The 
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phosphorylase a preparation was fully phosphorylated by pro­
longing the conversion reaction until the a/b activity ratio 
remained constant .75). Before assay the preparation was 
treated with Norit A at 37° for 15 minutes which removed AMP 
and would convert any hybrids to their more stable a and b 
forms (2 0). Assays were conducted such that for the highest 
32 G-5-P concentration only 3.5% of the total was removed. 
If the phosphatase preparation contained AMP, glucose or 
G-6-P stimulation would have been observed at 37° (64). We 
interpret then that G-6-P binding to phosphorylase a tetra-
mer and/or dimer can result in a conformational change enabling 
the dephosphorylation to be enhanced. The stimulation rate 
is still not equivalent to the dephosphorylation rate at 37°. 
The binding constant of G-6-P to phosphorylase a is estimated 
to be 3.0 mM. 
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that of glucose and G-6-P. Its effect is to dramatically 
reduce the for phosphorylase a. It is known that glycogen 
and simple oligosaccharides dissociate tetrameric phosphory­
lase a to the dimeric form and alter the conformation of the 
latter such that its specific activity is greater than the 
tetreumeric form (74) . The action of glycogen cannot be 
ascribed to the simple formation of a dimer since the of 
the dimeric substrate activator complex at 23° is several 
fold smaller than the K of the dimeric species at 37°. 
m 
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It is known that tetrameric phosphorylase a binds glycogen 
poorly when compared to the dimeric form. Thus the pre­
incubation of glycogen and phosphorylase a as was done in our 
activation assay would probably have resulted in the formation 
of dimeric phosphorylase a glycogen complex. The lessening 
of activation at higher levels of glycogen could be inter­
preted to the effect of glycogen binding at more than one 
site on the protomer. Helmreich e;t (68) has presented 
evidence supporting this assumption. Bot and Dosa have sug­
gested that the tetrameric phosphorylase a is unable to be 
dephosphorylated. This conclusion was arrived at by conduct­
ing rate experiments at 18° C. When glycogen and phosphory­
lase a were incubated at 36° followed by rapid cooling to 18° 
C and then assayed, the rate of dephosphorylation was far 
greater than the rate obtained when glycogen was added at 
18° to phosphorylase a at the same temperature and immediate­
ly assayed by the addition of phosphatase. It should be 
considered that the difference in rates is due to phosphatase 
action on a dimeric phosphorylase glycogen complex versus a 
tetramer at low temperature. The glycogen may serve to 
stabilize the dimeric form in a conformation similar to that 
observed at 37° C. On the basis of the Q^Q of 3.5 for the 
dephosphorylation assay there should be at least a tenfold 
difference in rates if this is the case. If the tetramer were 
inactive, it is difficult to understand why Cori observed a 
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linear Arhennius plot from the range of 36 17° C (5) . 
Although the levels of phosphorylase were 0.1 mg/ml it would 
seem unlikely that no tetramer was present at 17°. If this 
species were inactive as a substrate the Arhennius plot would 
not appear linear. Since the dissociation process is slow 
it seems likely that it would be rate limiting at a lower 
temperature and cause nonlinearity in the plot. 
The dissociation of phosphorylase a tetramers to dimers 
should not be viewed as the basis for the activation of its 
dephosphorylation any more than the inhibition should be 
viewed as operating from tetramer formation. The action of 
three activators studied shows little similarity between 
their ability to dissociate tetrameric phosphorylase a and 
their ability to enhance dephosphorylation. G-6-P which does 
not cause dissociation stimulates the dephosphorylation by a 
similar mechanism and to the sama extent as does glucose 
which can cause dissociation. Glycogen which binds preferen­
tially to phosphorylase a dimers stimulates dephosphorylation 
by a mechanism different from glucose or G-6-P but to the 
same extent. The binding of the dimeric substrate activator 
complex to the phosphatase is significantly greater at 23° 
than the dimeric phosphorylase a at 37°. However, the 
difference in the rate of dephosphorylation of phosphorylase 
a at 2 3° where the tetrameric form exists versus the rate at 
37° can be attributed solely to a effect. At high 
glycogen concentrations the reduction of the stimulatory ef­
fect cannot be correlated wirh retrarr.er reformation. Also, 
oligosaccharides which are known to dissociate phosphorylase 
are not as effective in stimulating the dephosphorylation as 
glycogen even at very high concentrations. The evidence 
suggests: activation by glucose and G-5-? occurs from a 
conformational change of phosphorylase a dimer and tetra-
mer effector complexes which enhances the dephosphorylation 
by a effect. Activation by glycogen results from a 
conformational change of a dimeric substrate activator com­
plex enhancing the deohosahorylation bv a K effect. Re-
duction of the temperature from 37° to 23° results in a con­
formational change of phosphorylase a resulting in the forma­
tion of a tetrameric species. The effect on dephosphoryla­
tion occurs through a reduction of the value, and that 
it is not possible fromi the above data to determine whether 
the dimeric form is a better substrate than the tetrameric 
form. 
It has been suggested that the phosphorylase phosphatase 
reaction is not regulated ^  vivo (75). The data presented in 
this paper and by others lead us to suggest otherwise. Regu­
lation of enzymic interconversion by modifiers affecting the 
rate of the dephosphorylation of liver phosphorylase and 
glycogen synthetase has been suggested by Barsy et al. (54) and 
Nakai and Thomas (76). Bailey and Whelan (65) suggested that glu-
cose could act as a vivo regulator of the phosphorylation o 
skeletal muscle phosphorylase. The physiological significance 
is negated by the demonstration that glucose levels in 
skeletal muscle are far too low to account for effects 
observed (77). We have demonstrated G-6-P is a better stimu­
lator of the dephosphorylation reaction than glucose. The 
physiological significance of rhis modifier will next be 
considered. 
Danforth et a^. (75) investigated by a kinetic analysis 
the interconversion of phosphorylase a and b forms in 
frog sartorius muscle under conditions of varying stimu­
lation rates of tetanic shock at different temperatures. 
The interconversion of phosphorylase a could be described 
by a model where the conversion of phosphorylase b to a was 
represented by a rate constant, k^, and the dephosphorylation 
of phosphorylase a to b by another rate constant, '^2' Both 
reactions were assumed to be first order. It was found that 
k^ changed markedly in response to the stimulation rate and 
temperature while k2 remained constant. A ratio of k^/k2 at 
rest was estim.ated to be .05. It may be significant that 
it was observed at 30° tha-t stimulation had to be limited to 
10 seconds and at 10'^, 30 seconds. After 30 seconds at 10° 
the phosphorylase a activity declined in two cases while 
stimulation was occurring. This response was ascribed to be 
due to "fatigue" of the kinase reaction or experimental 
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variability. In a sinilar study Piras and Staneloni (78j 
using similar experimental procedures assayed the levels of 
metabolites and phosphorylase a and b_ in frog sartorius muscle 
during a time period of tetanic stimulation. The effect of 
electrical stimulation on phosphorylase a conversion agreed 
with the results of Danforth et a^- (7 5)• However, it was 
observed that after 10 seconds of stimulation the levels of 
phosphorylase a declined quite dramiatically during the time 
tetanic shock was being administered so that at 2 0 seconds 
the levels of phosphorylase a fell below the basal value. 
This effect of prolonged tetanic shock had been observed by 
others (79, 80). During the 20 second time period phospho-
creatine and glycogen levels decreased approximately to one-
half their basal levels. The levels of ATP, ADP, and AMP 
however remained constant while the levels of lactate, 
pyruvate and G-6-? increased. The increase in the level of 
G-6-P rose from 0.3 mM to 3.6 mM, a 12-fold increase. Upon 
recovery after a 10 second stimulation the level of phos­
phorylase a reached a mânim.^jm value within one miinute while 
the G-5-P did not attain its m.inimum. until ten minutes after 
stimulation. These data suggest G-o-P may affect the in 
vitro as well as the vivo phosphate reaction. It is inter­
esting to note the complementarity of the effect of G-5-P 
and AMP on phosphorylase b activity versus phosphorylase a 
conversion to phosphorylase b. G-6-P inhibits the activity of 
ICS 
phosphorylase b while AM? stimulates it. Since the two 
effectors are comperitive in their action the effecr of one 
may be overcome by the other. Thus high levels of G-6-P 
can completely inactivate phosphorylase b. While phosphory­
lase a activity cannot be affected by G-6-P or AMP its inter-
conversion rate can be altered by these effectors. AMP can 
render the phosphatase reaction inactive while high levels of 
G-6-P cannot only overcome the inhibition but activate the 
reaction as well. This effect has been demonstrated by Bot 
and Dosa who have also suggested that G-5-P could play a 
physiological role (61). It is interesting to speculate that 
glycogen could both oppose or work in concert with G-6-P 
by failing to activate or even inhibiting the reaction at 
high concentrations or by high molecular weight forms whose 
degradation to lower concentrations or smaller molecular 
weight forms which could stimulate the dephosphorylation of 
phosphorylase a preventing the complete degradation of glyco­
gen. Haschke ejt a2. (42) have observed no inhibition by AMP 
of phosphorylase phosphatase in a glycogen particle. This 
result could be due to glycogen tightly associated with phos­
phorylase a preventing AMP inhibition as was observed with 
glycogen stimulation of the dephosphorylation of phosphory­
lase a whose AMP site was covalently modified with an AMP 
analog. AMP and G-6-P might operate when the glycogen particle 
was degraded and no longer "saturated" the phosphorylase a. 
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SU}1}:ARY 
An alternative substrate, a -cetradecapeptide containing 
the phosphorylated site of phosphorylase a was utilized ro 
study the rriechanisrr.s by which TTiodifiers affected the phos­
phorylase phosphatase reaction. The dephosphorylation of the 
alternative substrate was coiTipared to that of the native 
substrate by kinetic studies. Differences in the rate of 
dephosphorylation of rhe peptide substrate could be solely 
attributed to its lower binding affinity. 
The forces involved in the interaction of the phospho-
peptide with phosphorylase phosphatase were investigated from 
kinetic studies of proteolytically and chemically modified 
phosphopeptide derivatives. It was found that the presence 
of ar. arginyl function near the phosphorylated seryl residue 
was an essential requirement for the dephosphorylation. 
Attachment of hydrophobic functions to the phosphopeptide 
by chemical modification of the alpha and epsilon amino 
groups resulted in a decrease in ûhe value by up to one 
order of magnitude. 
Kinetic studies utilizing rhe native and the alternative 
substrate in conjunction with a kinetic model allowed both 
the locus and mechanism of action to be determined for a 
variety of effectors. Inhibition of the phosphatase reaction 
by AKP and G-1-? was found to be substrate directed. Inhibi­
tion by phosphate was enzyne directed while inhibition by 
glycerol phosphate, acetate, EDTA, and divalent metal io.is 
was found to be both substrare and enzyme directed. The locus 
on the phosphatase for divalent metal ion inhibition was found 
to be the same locus where amidine containing compounds exert 
their inhibitory effects. This site was shown to be distinct 
from the site of EDTA inhibition. 
Activation of the phosphatase reaction by glucose, 
G-5-P, and glycogen was demonstrated at 23°C to occur by 
substrate directed effects. The former two compounds in­
creased the V while the latter reduced the K . Activation 
max m 
could not be accounted for by simply the dissociation of the 
tetrameric species of phosphorylase a to dimers. 
The data support a control mechanism for the regulation 
of phosphorylase activity by modifiers affecting the sus­
ceptibility of phosphorylase a to dephosphorylation. A physio 
logical role of G-5-P in the control of muscle phosphorylase 
a dephosphorylation was proposed. 
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APPENDIX: THE EFFECTS OF MODIFIERS UPON THE KINETICS 
OF ENZYME INTERCONVERSION 
119 
Introduction 
Many enzymatic reactions are regulated by molecules which 
do not participate in the catalytic reaction (81). Modifiers 
can exert a regulatory effect by: 1) altering the synthesis of 
specific enzymes, 2) influencing substrate binding and/or 
catalysis, and 3) alteration of the rate of enzymic inter-
conversion. This last case is the subject of this manuscript. 
It has become increasingly evident that a number of regu­
latory enzymes exist in chemically interconvertible forms 
(82). The attachment and removal of chemical moieties is 
catalyzed by specific enzymes and this interconversion 
dramatically affects the catalytic and regulatory properties 
of the modified enzyme. Factors which influence enzymic 
interconversion should be considered in three categories: 
1. Enzymic modification of the modifying enzyme (s); 
2. Nonenzymatic factors which affect the. modifying 
enzyme(s); 
3. Nonenzymatic factors which affect the substrate being 
modified. 
Illustrative examples of these different effects are found in 
the regulation of skeletal muscle phosphorylase a and b inter-
conversion. Phosphorylase kinase, which catalyzes the con­
version of the phosphorylase b to phosphorylase a, also under­
goes interconversion by a phosphorylation-dephosphorylation 
reaction, illustrating control by modification of a modifying 
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enzyme (Case 1). Regulation occurring via nonenzymic factors 
which affect the activity of a modifying enzyme (Case 2) is 
shown by the requirement for calcium ion and cyclic AMP for 
phosphorylase kinase and protein kinase, respectively. An 
example of effects described by the third category is the in­
hibition by AMP of the dephosphorylation of phosphorylase a 
to b by phosphorylase phosphatase. That this inhibition re­
sulted from AMP rendering the substrate (phosphorylase a) 
resistant to attack by the phosphatase was conclusively demon­
strated by the use of an alternative substrate, a tetra-
decapeptide incorporating the phosphorylated site, whose 
dephosphorylation was not affected by the nucleotide effector. 
Recent studies have shown that the activation of the phos­
phorylase phosphatase reaction by glucose also occurs by a 
substrate directed effect. Thus, specifying the mechanism 
by which nonenzyiitatic factors affect interccnversicn is 
hampered by the nature of the substrate, a macromolecule 
whose structure ^nn hence, reactivity as a substrate could 
be affected by substances which may or may not affect the 
modifying enzyme. In order to differentiate control by sub­
strate directed effectors from enzyme directed effectors, 
it is important to obtain an alternative substrate for the 
modifying enzyme which is not affected by modifiers. This 
would allow the direct determination as to whether the locus 
of inhibition or activation was substrate or enzyme directed. 
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This following treatment is concerned with demonstrating 
that substrate directed inhibition or activation can result 
in kinetic patterns that are similar to enzyme directed ef­
fects. Rate equations are presented which enable one to 
distinguish the mechanism by which enzyme interconversion is 
affected by a modifier. 
Results 
The model illustrated in Scheme 1 involves an enzyme 
whose single substrate is another enzyme. Both macromole-
cules are capable of binding effectors with rapid binding 
equilibria. The model is general in that all complexes 
yield product, and restrictions on the magnitude of the dis­
sociation constants as well as the reactivities of the 
complexes are specified by the values of the appropriate 
constants. The model deals '.*ith a single modifier site 
present on both the enzyme and its substrate. 
122 
•^E + PM ESM ES 
EMSM EMS EM+P 
Scheme 1. 
A modifier (M) complexing with substrate (S) and/or 
enzyme (E) can influence enzymic interconversion by the fol­
lowing mechanism (I): 
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E + S = ES; K 
E + M = EM; K 
S + M = SM; K, 
E + SM = ESM; k '  
ES + M = EMS; K' 
o 
ES + M = ESM; k '  
E M  +  S  =  E M S ;  k "  
E M  +  S M  =  E M S M ;  k ' "  
E S M  +  M  =  E M S M ;  k "  
E M S  +  M  =  E M S M ;  k "  
ES — ^21 —^  E + P 
ESM ^22 
•N. E + PM 
EMS '^23 EM + P 
EMSM ^24 EM + PM 
The conservation eauations are 
E^ = E + ES + ESM + EMS 4- EMSM 
St = S SM 
M^ = M free 
A notable aspect of this model is the assumption that the free 
modifier concentration is equivalent to the total modifier 
added. This assumption is only valid for kinetic studies in 
which the macromolecular substrate is used at much lower con­
centrations than that of the effector (83). A number of authors 
have considered modifier complexing with substrate (84, 85, 
86). The resulting complex rate equations were expressed in 
terms of both total as well as free concentration of substrate 
and modifier. The identity utilized in the 
derivations resulted in quadratic expressions containing 
^total ^total terms, and the resulting equations are of 
little practical use. 
For mechanism (I) an equilibrium approach has been 
utilized inasmuch as the steadv state method leads to ex­
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ceedingly complex rate equations containing substrate tenr.s 
raised to the second power which could impart nonlinearity 
to reciprocal plots. 
The general form of the rate equation (1) is: 
1 
V V 
m 
1 + M/K' + N/K' + M /K'K" 
o Z o Z 
' 2 2  
'21 
m/k; ^23 ^24 
'21 
M 
21 
+ 
m 
(1 + M/K^) (1 M/K^) 
^2 2 ^23 1 + M/K^ + M/K; '24 M 
'21 '21 
T %21 KÔ%Z 
1_ 
S. 
(1) 
Equation 1 is general in that either inhibition or activation 
can be described. The dissociation and rate constants are 
as defined represents or depending upon 
whether a case involves inhibition or activation, respectively. 
The concentration of product is assumed to be zero. 
The specification of identities between the binding of 
modifier to free substrate, substrate bound to enzyme or sub­
strate bound to an enzyme-modifier complex also specifies the 
relationship between other dissociation constants through 
the following: 
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K K' K' K_ K" K K K K' 
z . _ S .  I _  O .  Z _  s  _  o  _  s  o _ s  
TT : V'' uT" v""'  V " V " * ' V * y ' ' ^ Tf " ' 
*2 *5 
A considerable simplification is possible if the modi­
fier influences the enzymic reaction by binding exclusively 
to the substrate (Equation 2) or to the enzyme (Equation 3), 
1 
V V 
m 
1 + M/K' 
miriz 
M/K 1 
m 
•21 
1 + '23 M 
S. 
( 2 )  
^21 
1 1 1 + %/KÔ _ =s 1 + W/Ko 1 
. >^22 M ^ , , "22 M ^ ' 
The locus of action of a modifier can be easily distinguished 
by the use of an alternative substrate. Ideally, the alterna­
tive substrate would be identical to the native substrate ex­
cept it would not contain sites to which a modifier could bind 
A1 alternative substrate could be prepared by chemical 
modification of the native enzyme substrate so that it 
could not bind modifier. A peptide derived from the sub­
strate containing the reacting site could also be used. 
By using the native substrate and an alternative substrate in 
separate experiments, the modifier should have an equivalent 
effect when either substrate was utilized if the modifier 
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affects only the converting enzyme, no effect when the alter­
native substrate was used if the action of the modifier is 
substrate directed and similar effects though differing in 
magnitude when the modifier affects both substrate and enzyme. 
Once these three types of action are distinguished, further 
kinetic studies can be done to elucidate the exact mechanism 
of action of the modifier. 
Substrate directed effects can be classified into 
several different categories. Rate equations, conditions, and 
type of effect observed when the data are plotted in double 
reciprocal form are given in Table 1. 
If the modifier acts as an inhibitor, and all constants 
are unequal, reciprocal plots in the presence of modifier 
would yield mixed inhibition kinetics. Case (A) considers an 
SI complex which does not bind to the enzyme; inhibition 
results from the reduction of rhe effective substrate concen­
tration. Case (3) involves an SI complex which competes with 
the substrate for the binding site of the enzyme but. cannot 
be converted to product. Case (C) deals with an SI complex 
which is bound less tightly than the native substrate but 
catalyzed with the same « For Case (D) , inhibition re­
sults solely from a lower catalytic efficiency of the ESI 
complex. Case (E) is a mechanism in which binding and 
catalysis can occur with the SI complex but with a certain 
identity of binding and rate constants. 
Table 1. Substrate directed inhibition and activation 
Case Rate Equation Condition Type of effect 
m m t 
k ' ->• 0" Simp]e 
competitive 
I-B 1 
V 
K 
V (1+I/K') + 
m z' y 
^(1+I/K ) ~ 
•m ^ 
^23 ° Mixed 
If K„=Kj, , non­
competitive 
I-C 1 
V 
^2 3 ^21 
Ki > K): 
Partia] 
competitive h-* K) 
-J 
I-D 1 
V 
L 
V 
m 
1+I/K^ 
1 4- '23 I_ 
'21 
+ 
V 
m 
l+I/K^ 
1 + '23 I 
K ' 
'21 
k^3 ^ ^21 Noncompetitive 
(— vs. I-nonlinear) 
V — 
I-E 1 
V V 
m 
1+I/K' 
4* ^s 1 ^23 1 + I/K^. 
^21 ' ^1-
< 1 Uncompetitive 
Table 1 (Continued) 
Case Rate Equation Condition Type of effect 
I-F 1 
V V_ 
m 
1+A/K^ 
1 + 23 A 
^21 
K 
m 
l+A/Kg 
1 + 23 A 
1_ 
S. 
^23 ^ ^21 
= KÉ 
K decrease 
m 
V increase 
m 
1+A/K^ 
1+A/K' S. 
'23 '21 
4 < K, 
K decrease 
m 
I-H V " ^  ^  
m m 
1+A/KJ 
1+A/K, 
^23 > 1 V increase m 
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A modifier could also serve as a substrate directed 
activator. Again, several mechanisms are possible. For 
Case (F) the activator increases the susceptibility of sub­
strate to catalysis but has no influence upon binding. Case 
(G) is where the SA complex binds more tightly to the enzyme 
than the free substrate. Case (H) is analogous to Case (E) 
of substrate directed inhibition. 
If the modifier acts on the enzyme only, the degree of 
activation or inhibition will not depend upon the type of 
substrate. A detailed kinetic treatment of this type of 
effect by modifiers has been given by Frieden (87). it has 
been attempted to treat the kinetics of substrate directed 
modifiers in a similar manner. Additional ramifications 
applicable to the treatment of the kinetics of substrate 
directed modifiers may be obtained by consulting this paper. 
Determination of the mechanism by which an inhibitor 
or activator functions by binding to both enzyme and sub­
strate is not easily accomplished. Utilizing an alternative 
substrate for kinetic studies in the presence of a modifier 
eliminates zhe terms from the equation. Thus, the ability 
of a modifier to influence the reaction is reduced. Classi­
fication of the mechanism by which a modifier functions can be 
approached by the inhibition or activation patterns observed 
ir. kinetic studies. 
Competitive inhibition kinetics allow the locus of 
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inhibition to be relatively easily determined in a number of 
cases. The only assumption necessary is that the inhibitor 
acts by interfering with only the binding processes and not 
the catalytic reactions.. Two subcases of enzyme directed 
inhibition, partial competitive (^22 ~ ^ 21^ and competitive 
i^22 ~ are considered with further subdivisions based upon 
categories of substrate directed inhibition. 
Mechanisms yielding noncompetitive inhibition kinetics 
that regulate enzyme interconversion are more difficult to 
resolve than in the competitive case. The general equation 
(1) and the following cases predict noncompetitive kinetics 
when = K^, and k^^ ^ ^22 ^^^/or k^g and/or 
kg^. Two types of noncompetitive kinetics are classified 
by Dixon and Webb (8 8) . For one (Type I) case the EIS com­
plex has catalytic activity; for the other (Type II) it does 
not. Categories within each subcasc can be determined by the 
ability of the substrate to: a) bind to the enzyme as an 
SI complex and b) be converted into product. 
It should be recognized that reciprocal plots in the 
presence and absence of inhibitor would conform to "mixed" 
inhibition kinetic patterns in a variety of circumstances. 
Particular cases could be cited which allow the mechanism of 
inhibition to be classified when mixed inhibition patterns 
were observed. Yet, for the majority of cases, the deter­
mination of the mechanism other than whether the substrate 
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was involved in the action of an inhibitor would be im­
practical and will not be considered. 
Once it has been determined that the action of a modi­
fier is directed toward both the enzyme and substrate, further 
kinetic studies may allow the elucidation of the particular 
mechanism. Lineweaver-Burk and Dixon plots utilizing 
both substrates in the presence of the inhibitor allow the 
mechanism of action of a modifier to be identified in most 
cases. Inhibition mechanisms yielding competitive and non­
competitive kinetics are shown in Table 2 along with the 
predicted effects utilizing Lineweaver-Burk and Dixon 
plots, respectively. Case II-A concerns a modifier which 
is a partial competitive inhibitor yet also affects the sub­
strate by mechanism I-A of Table 1. Case II-B is analogous 
to Case II-A, only the substrate directed effect is that of 
Case I-C of Table 1= Cases II-C and II-D involve a modi­
fier which affects the enzyme by simple competition and also 
affects the substrate through mechanisms I-A and I-C, 
respectively. 
Noncompetitive kinetics are seen in Cases II-E through 
II-H. Case II-E occurs when a noncompetitive inhibitor which 
does not prevent the EIS complex from being converted to 
product also affects the substrate by mechanism I-B of Table 1. 
Case II-F is analogous to Case I-E, only the substrate directed 
effect occurs by mechanism I-D of Table 1. Cases II-G and 
II-F involve a noncompetitive inhibitor that prevents the 
formation of product and affects the substrate by mechanisms 
I-B and I-E respectively. 
A nonessential activator could affect enzyme intercon­
version by interacting with both enzyme and substrate. 
Equation 1 predicts reciprocal plots in the presence and 
absence of an activator and would not intersect on either 
axis if < K^, K_ > or K", and '^22' ^^ô/on k22 
and/or ^ 24' Case I of nonessential activation deals with a 
case where the modifier only increases specific rate constants 
(V^ax increase) by its interaction wirh both substrate and 
enzyme. Case J concerns a modifier enhancing the binding of 
EM and SM complexes to one another or to substrate and enzyme, 
respectively. 
Other cases of activation could occur in which a modi­
fier acted by borh activarion mechanisms. These cases would 
involve a modifier which enabled any or all three rate 
constants to be greater than snd also increased the 
association of various enzyme and substrate forms by the 
formation of an enzyme-modifier complex and/or a substrate-
modifier complex. The use of an alternative substrate enables 
one to identify the substrate as an activation locus; however, 
as with mixed inhibition, subcases will not be considered. 
Table 2. Substrate and enzyme directed inhibition or activation 
~~~ Effect on 
, K 1+I/K . k„,=k„„ C 
K..K;;/anaK-. 
^21 ^22 ^23 ^ 24 ^ ^ 1 1 (1+I/K ) (1+I/K ) 
:i-B ± = ^  ^  [ ± K_<K' and/or K" and/or K"' NL NL 
V V v  -  — I  ,  — I  ,  — y - -  t  r r  I I  ^  2j  t J  w  
m m l+I/Kj+I/K^+I^/K^K^ t 
1 1 1 II-C ^ = ^  + ^ (1+I/Kj) (1 + I/K^)~- K^ « NL L 
 ^ K^ , , K^ ', K^ V-> » 
^Native substrate. 
^Alternative substrate. 
^Competitive. 
^Nonlinear. 
e^ . Linear. 
Table 2 (Continued) 
Case Rate equation Competitive cases 
1 1 1 
V = ^  + v-[(ri%7ïqr) 
m m 1 t 
Case Noncompetitive cas;es 
1 1 l+I/Kl+I/K'+I^/KlK" 
II-E ^ —] 
1 + Ç- TTT 
^21 I 
Ky (1+l/Kj)(1+I/K^) J 
" , ^22 I—'"7 
^Noncompetitive. 
Effect on 
Condition ^^a 
^22 " ® C C 
k21°k23=k24 M' ^ 
= CO 
K^<Ky and/or 
and/or K^' 
Condition NS AS 
^^3=^24=0 NC^ NC 
Kj=K^ NL NL 
Kg=K^=K^=K^' NL NL 
Table 2 (Continued) 
Case Noncompetitive cases 
1 ,  l+ i /k l+ i /k '+ i^ /k lk"  
II-F I- = I ^ I ^ 
^21 ^21 ^2 3 
Kg (1+I/K^)(1+I/K^) ^ 
^22 I ^^23 [ ^24 ^^t 
kzi ^21 ^23 
II-G ~ = ~[1+I/K^ + I/K^ + I'"K^K|:] + 
m 
K ] 
ry^ t (l + I/K,) (1 + I/K ) ]^-
, , (l+I/K'+I/K'+I^-/K;K") 
^  ^  I ' — '  
k K ' 
21 Ï. 
Kg (1+I/K;) (1 + I/K^,) ^ 
^2 4 
^ , , , . Effect on Condition 
NS AS 
k«,=k„„ and/ork.3 
^ /-J NC NC 
and/or 
K i ^ i q  
K^= K'=K2=K^' 
NL NL 
^22*^23 ^^24 ^ 
K;=Ki 
NC NC 
NL L 
^22-^24 - 0 NC NC 
NL L 
Table 2 (Continued) 
Case Activation Condition Effect on NS AS 
II-I - = 
1 l+A/K^+A/K'+A /K;KI 
^tn , . ''22 A T *^23 A 
21 ^ 
24 
If I If II 
21 Ve 
(1+A/K^) (l+A/:Kg) 
T ^ ^ 22 A , ^23 A . ^24 
1 + c— irr + c— (TT + n— 
^^21 A ^21 I ^ 
% 
21 KPI 
KA=KA 
Kz=Kz=Kz=Kr 
k21<k22 *"d/or k,, 
and/or 
Vf V t 
m m 
1 1 "s 
V - V" + 
m m 1 + 
(1+A/K^)(1+A/Kg) ^ 
2 ^S~ 
A . A . A ^t 
K' K' 
^21 '^22'^23'^24 
K% or < K; 
KA < ^A 
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Discussion 
Kinetic studies utilizing both the native and an alterna­
tive substrate are quite useful in determining the locus of 
inhibition or activation of a modifier which affects enzymic 
interconversion. However, when using an alternative sub­
strate, one might expect that the kinetic parameters 
and V would not be identical to that of the native substrate. 
m 
As a result of these differences in kinetic pareuneters be­
tween two substrates, differences observed in inhibition or 
activation by a modifier when the two substrates were utilized 
might not be significant. Thus, the criteria to be used 
for determining the inhibition or activation capacity of a 
modifier would be the relative differences in slopes and/or 
intercepts in the presence and absence of modifier when 
kinetic studies are undertaken with both substrates. 
Tables 1 and 2 summarize the kinetic characteristics of 
the inhibition and activation mechanisms previously considered. 
For these cases it may be seen that the use of both reciprocal 
and Dixon plots allows the mechanism of an inhibitor to be 
determined with the exception of Cases II-A from II-B and 
II-C from II-D of both competitive and noncompetitive 
schemes. Cases II-A eind II-B can be differentiated from one 
another by the inhibition profile obtained from the Dixon 
plot. It can be shown that for Equations II-A 
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Lim 1 _ 1 + *s 
and II-B 
I ^ . V KjKj, 
Lim 1 1 "s KjK; 
I » « V - K;Kr 
Thus, for Case II-A, ^  increases indefinitely as I increases, 
while for Case II-B, ^ reaches a constant value at high I. 
Case II-C can be differentiated from II-D by conducting rate 
experiments at and I at a constant ratio (I=aS^). For 
Case II-C it can be shown that under these conditions for 
a 1/v versus I plot, 
Lim 1 1 a^s I 
: " " V Vm v* 
while for Case II-D 
T . , , K Ki Lxm lias i 
T CO V V V K_K_ 
mm XL 
Thus for Case II-C the 1/v versus I plot is parabolic and 
for Case II-D the plot profile is sigmoidal. In cases where 
neither competitive nor noncompetitive kinetics are observed, 
determination of the mechanism of a modifier is difficult. 
The use of an alternative substrate would allow one to 
identify the substrate as an inhibitory locus. Nonlinear 
Dixon plots are often an essential characteristic in the 
determination of the mechanism of an effector. The values 
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of the dissociation constants deterir.ins the shape of the 
curve which is nor often intuitively obvious (89). It has 
been shown that a wide range of inhibitor concentrations 
may be needed to jeTron'rLT.ciL? nonl.^ :v \r. ccrt?.in cases 
( 57) • 
It is useful to implement the equilibrium approach in 
the derivation of the previously described rate equations 
as the steady state approach results in complex rate 
equations which are difficult to interpret. This approach 
was utilized by Frieden in his consideration of the effect 
of modifiers on the kinetic parameters of single substrate 
enzymes (86- This paper attempts to similarly treat enzyme 
interconversion. An important criteria of the applicability 
of the equilibrium method is the linearity of reciprocal 
plots in the presence of modifier. If this criteria can 
be met, equilibrium assumption mav be justified (87). The 
approach may be limited to single substrate systems since 
the two substrate systems are considerably more complex to 
interpret and equilibrium assumptions may not hold (90). 
K~ is defined as the dissociation constant of a sub­
strate effector complex. In certain cases it can be directly 
determined from kinetic measurements of enzyme interconversion. 
Yet, since the substrate itself is an enzyme whose activity 
may be affected by a modifier, it is possible to determine Ky 
from activity measurements in the presence of the modifier. 
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Physical techniques utilizing spectroscopy or sedimentation 
velocity measurements might allow to be determined if a 
modifier affects these properties. Conventional equilibrium 
dialysis could also be utilized to determine . 
It was recognized early that modifier of an enzymic 
reaction could interact with substrate, and the importance 
of distinguishing substrate from enzyme directed effectors. 
A variety of indirect graphical methods of plotting kinetic 
data have been used to indicate that substrate was the locus 
of inhibition. It was assumed that various kinetic plots 
would be non-linear as a result of substrate reducing the 
level of free inhibitor. When enzyme interconversion is 
considered, this assumption may not be significant, de Barsy 
et al » presented evidence that AMP inhibition and glucose 
stimulation of the phosphorylase phosphatase reaction was 
strikingly similar to the effect of the same modifiers on 
tryptic digestion of phosphorylase a. This was used to 
suggest that the effects were substrate directed (64). 
The use of an alternative substrate provided direct conform­
ation of the effects reported (25, 65)• The use of an alter­
native substrate not only allows direct demonstration that 
substrate is involved in the effect of a modifier, but it is 
possible to differentiate various mechanisms of inhibition of 
activation and also determine if the enzyme as well as the 
substrate is involved in the regulation. 
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A regulatory role whereby metabolic effectors could in­
fluence the rate of enzymic interconversion by affecting 
the susceptibility of the macromolecular substrate to enzy­
matic attack has received little attention as a significant 
control mechanism. The ability of a modifier to affect 
enzymic interconversion can be seen to be quite powerful. 
Because of the increasing numbers of regulatory enzymes whose 
chemical interconversion is being studied, an investigator 
- should be cognizant of the various ways by which inter-
conversion can be regulated. 
